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ABSTRACT 
Solid state NMR (SSNMR) is a structure determination technique uniquely suited to 
study protein aggregates and fibrils. Unlike solution NMR or X-ray crystallography, 
SSNMR can obtain atomic resolution structural information on samples of protein fibrils 
which are insoluble and do not produce X-ray diffracting crystals. As SSNMR begins to 
realize this potential, new structure determination techniques will be important in enable 
SSNMR to investigate ever larger and more complicated systems. 
Alpha-synuclein (AS) is the primary protein component of Lewy bodies, the 
pathological hallmark of Parkinson’s disease. The structure of AS in its fibril form is 
unknown, as is the mechanism by which it contributes to neurodegeneration. At 140 
residues, AS is much larger than other fibril systems that have been studied by SSNMR. 
To solve the structure of AS fibrils will require combining new pulse sequences with 
advanced isotopic labeling schemes, and novel structure calculation methods. The 
techniques developed in this study will be useful in the study of other protein 
aggregates, as well as membrane proteins and complexes, for which SSNMR is the 
structure determination method of choice. 
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Chapter	  1	  
Methods for Protein Structure Determination by Magic-Angle Spinning 
Solid State NMR 
 
1.1	  Introduction	  
 Atomic resolution structures are the cornerstone of the modern study of protein 
function, providing a detailed view of how a protein performs the chemistry it evolved to 
complete. For years the gold standard for protein structure determination has been X-
ray crystallography, accounting for almost 90% of the ~70,000 protein structures in the 
protein data bank (www.pdb.org). In the 1990’s, solution NMR was developed as an 
additional tool for protein structure determination. Solid-state NMR (SSNMR), in 
particular magic angle spinning (MAS) SSNMR, offers the potential to apply many of the 
techniques developed for solution NMR to systems not amenable to that technique. 
Examples of systems for which SSNMR is uniquely suited—due to lack of solubility or a 
tendency not to form diffracting crystals—include insoluble fibrils, protein aggregates 
and membrane proteins. Now with improvements in instrumentation, such as higher 
field magnets, more stable high power amplifiers and fast magic angle spinning probes, 
the potential of SSNMR is being realized and several research groups have now solved 
protein structures to atomic resolution.1-11  
Aligned sample static SSNMR techniques complement MAS methods. For example, 
Cross and Opella have spearheaded such efforts and determined the membrane 
orientation of the transmembrane helices of several membrane peptides. The 
techniques and hardware used in these studies are somewhat different from those 
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utilized in MAS SSNMR so they will not be covered in this introduction. Rather, we refer 
the reader to reviews from Opella that summarize the capabilities of this technique.12, 13 
1.2	  Nanocrystalline	  Proteins	  
 
Figure 1.1: The structure of nanocrystalline SH3 solved by Oschkinat and co-workers. 
 Twelve of the 15 lowest energy structures (PDB ID: 1M8M) out of 200 calculated. Blue 
segments indicate areas of beta-sheet, black loops and turns.  One structure is displayed with 
thicker lines to guide the eye.  
 
Similar to the progression of solution NMR structures,14, 15 the first structures solved 
by SSNMR followed a pattern of qualitative heteronuclear distance and semi-empirical 
backbone dihedral angle restraints. These early structures primarily relied on relatively 
simple 13C-detected experiments, such as 2D 13C-13C correlation utilizing either DARR16 
or PDSD17 mixing. These through space correlations served as distance constraints in 
simulated annealing protein structure determination calculations using programs such 
as XPLOR18 and CNS.19 Dihedral angels were determined using the empirical TALOS 
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method.20 In this way, the structures of several small proteins were solved to moderate 
resolution,1-3 providing experimental benchmarks for extensively isotopically labeled 
(13C, 15N) samples. Figure 1.1 shows the structure of SH3 solved by Oschkinat and co-
workers (PDB ID: 1M8M).1 To improve sensitivity and resolution, in order to resolve 
long-range distances, this study utilized fractional 1,3-13C- and 2-13C-glycerol labeling, 
setting an important precedent for subsequent structural studies. This method 
developed by LeMaster,21 and demonstrated in solids by Hong,22 produces a checker 
board pattern of 13C enrichment. This greatly attenuates 13C-13C scalar couplings, and 
alleviates spectral degeneracy by decreasing the number of labeled sites. As such, it 
has been a key development to enable much of the 13C protein work discussed here.  
 
Figure 1.2: SSNMR structure of GB1 solved by Franks et al. 
Structure calculated (a) with distances only and (b) distances, dihedrals and VEAN restraints. 
The structure with all the restraints included (b, PDB ID: 2JSV) has a backbone RMSD of 0.3 Å.  
 
Once it had been shown that protein structures could be solved, the next major 
achievement was to solve these structures to atomic resolution. Several strategies have 
been employed to increase the precision of NMR structures, by increasing the quantities 
of restraints and/or improving the precision of angular and/or distance determinations. 
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Franks et al. demonstrated in 2008 that by using a substantially larger number, 
thousands as opposed to hundreds, of qualitative homonuclear correlations from 13C-
13C glycerol labeled spectra, it was possible to solve the structure of GB1 to ~1 Å 
bbRMSD.7 However, much greater improvement was realized by the use of more 
precise VEctor ANgle (VEAN) restraints,23 enabling a structure of GB1 with a backbone 
RMSD of 0.3 Å. Figure 1.2 shows the progression from (a) distances only to (b) 
distances with TALOS and VEANs. Nieuwkoop et al. demonstrated that highly precise 
distances from 3D heteronuclear TEDOR experiments (see Chapter 2)24 and backbone 
conformations from chemical shift tensors25, 26 can be used to solve similarly high 
resolution protein structures. The remaining challenge is to apply these highly precise 
techniques to larger protein systems and/or novel topologies that are observed in 
membrane proteins and/or oligomeric assemblies. 
1.3	  Protein	  Aggregates	  and	  Fibrils	  
MAS-SSNMR has made a number of unique contributions to the structural study of 
protein aggregates and fibrils.27-32 These aggregates are far too large (>MDa) for 
solution NMR, essentially rendering their correlation times equivalent to insoluble 
particles, even in cases where the fibrils can be solubilized. Fibrils do not contain the 
long-range 3D order needed to diffract x-rays to high resolution. Initial SSNMR efforts 
focused on small, fibril forming peptides, which could be produced via solid phase 
peptide synthesis. This strategy enabled site-specific incorporation of labeled amino 
acids, simplifying the assignment procedure. Much of the work on Aβ, spearheaded by 
Tycko and coworkers, utilized samples labeled at a few sites at a time in order to 
determine assignments and detect long-range correlations. These were used to build a 
 5 
model of the fold of Aβ40.33 Illustrating the challenges posed by such systems, this 
model was expanded upon several times,30, 34, 35 and structures of different states 
determined to have subtle characteristic features, e.g., a change from two-fold to three-
fold symmetry. Jaroniec et al. solved the structure of the monomer unit of fibrils of the 
12 residue peptide transthyretin in 2004,36 work which has just been placed into larger 
context recently with the determination of the quaternary structure of the fibirls.37  
A major step forward for the field was made by the Meier group in 2008 when they 
solved the atomic resolution structure of HET-s fibrils.9 The fold of these fibrils was 
unknown before their study, making this the first protein structure solved by MAS-
SSNMR. Two years later, they released a refined version of the structure, along with a 
detailed discussion of the experiments and samples needed to unambiguously 
determine such a structure.38 The principal consideration is the need for discrimination 
between inter- and intra-molecular contacts. This is achieved through the use of diluted 
samples, where 13C labeled protein is diluted in 13C-depleted protein. In such a sample 
any 13C-13C contacts observed must be intramolecular, while peaks that do not appear 
in the diluted sample but do in a uniformly labeled sample are assumed to be 
intermolecular. In addition to HET-s, this strategy was used to remove the 
intermolecular peaks in many monomer structure calculations, while site-specific 
carbonyl labels were utilized in the transthyretin study. A complementary strategy 
involves placing 13C labels on one molecule and 15N labels on another, then detecting 
intermolecular contacts through the use of a heteronuclear correlation sequence such 
as PAIN-CP,39 NHHC40 or TEDOR.41, 42 This strategy has been used to observe the 
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interfaces of the homodimer Crh,8 reassembled thioredoxin,43 the multimer αB 
crystalline11 and nanocrystals of GB1.44  
1.4	  Membrane	  Proteins	  
In addition to work on protein fibrils, SSNMR has also made great strides in solving 
membrane protein structures in the native bilayer environment. Membrane proteins, 
particularly when associated with lipids, are notoriously difficult to crystallize. Recent 
technologies such as lipidic cubic phase crystallogenesis45 have increased the 
likelihood of success, resulting in landmark achievements.46, 47 Nevertheless, there are 
relatively few X-ray structures of membrane proteins, and the structures that are 
available have required Herculean efforts involving hundreds or thousands of potential 
targets and decades of work.48 In solution NMR, smaller membrane proteins in 
detergent micelles remain within the size limit for effective structural studies. SSNMR on 
the other hand has the advantage of no theoretical inherent upper size limit, which 
opens the potential for more physiological membrane environments and larger 
membrane systems. Recent studies of proteorhodopsin,49 bacteriorhodopsin50, 51 and 
DsbB52, 53 have demonstrated that SSNMR assignment strategies–3D and 4D pulse 
sequences, with uniform or glycerol 13C labeling–are effective on membrane proteins as 
well. Hong and co-workers have shown that the structures of antimicrobial peptides54, 55 
and small proteins10 can be solved through standard structure determination methods, 
coupled with 2H orientation data specifically helpful in membrane contexts. The van 
Rossum group has solved the structure of the trimeric membrane protein YadA 
(Experimental NMR Conference, Asilomar, CA, April 2011), using the now-standard 
SSNMR methods of partial and glycerol labeling. This study illustrates that such 
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methods are effective for membrane protein structural studies and represent yet another 
step forward in the field SSNMR structure determination. SSNMR restraints in 
combination with X-ray data can produce structures better than either set of data alone. 
For example, SSNMR data were used to refine the low resolution X-ray structure of the 
membrane protein DsbB,56 and SSNMR data combined with small angle X-ray 
scattering data were used to solve the structure of αB crystallin.11 In both cases yielding 
additional information compared to what the X-ray data alone can show. 
For higher molecular weight membrane protein complexes, SSNMR offers the ability 
to provide chemical details at atomic resolution. In the example of the E-coli cytochrome 
bo3 oxidase, at 144 kDa membrane protein complex, the crystal structure lacks 
prosthetic groups and therefore the chemical detail needed to evaluate specific 
mechanistic hypotheses. However, SSNMR has shown that even in such large systems 
individual sites can be resolved and that specific labeling schemes will enable structural 
information to be determined in the active site of the large protein.57  
1.5	  Proton	  Detection	  
As solid-state NMR pushes towards larger and more complicated structures, the 
sensitivity and resolution increasingly become a limiting factor. However, with advances 
in the MAS technology, MAS rates of 40 kHz and higher are now obtainable, sufficient 
to attenuate 1H-1H dipolar couplings and provide ~0.1 to 0.2 ppm linewidths, enabling 
the benefits of 1H-detected SSNMR to be realized. Due to the high gyromagnetic ratio 
and natural abundance of 1H, sensitivity can be improved by a factor of ~8 to 30 relative 
to 13C or 15N detection,58 and have been shown to be applicable to solid systems by the 
Reif and Zilm groups.59-62 The theoretical sensitivity enhancement over 15N and 13C 
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detection, considering just the gyromagnetic ratio, would be ~30 and 8 respectively, the 
ratio of gamma to the 3/2 power.63  
In addition to the fast spinning modules, suppression of solvent 1H signals is also 
vital to realize the full dynamic range of 1H signals. The MISSISSIPPI scheme has 
proven robust at suppression in the range of 100 to 1,000-fold suppression, and also 
effectively suppresses signals at multiple frequencies, thus eliminating the signals from 
non-aqueous solvents or precipitation reagents, such as methylpentanediol and 2-
propanol used for GB1 samples. The MISSISSIPPI scheme is even effective for 
background signals with short 1H longitudinal relaxation times.64  
The dilution of protons through deuteration of protein samples facilitates further 
improvements in resolution and sensitivity.65 In order to detect 1H spins, back-exchange 
of labile sites of the protein after expression can be used. The level of 1H back-
exchange which leads to the best overall signal intensity has been investigated by the 
Oschkinat group, and was determined to be ~35% for nanocrystals of SH3.66 This result 
is likely to be general for microcrystalline proteins, but requires further investigation in 
the context of membrane proteins and fibrils.  
 9 
 
 
Figure 1.3: Structure of GB1 solved using proton detected 1H-1H correlations. 
Structure of GB1 displayed in CPK mode colored by secondary structure. 1H-1H distances used 
in the calculation are shown on the lowest energy structure.  
 
With the experimental methods developed to the point 3D 1H detected experiments 
were possible, the Rienstra group utilized a suite of 3D experiments to assign the HN 
protons of GB1, obtain long-range 1H-1H distances and solve the structure of GB1 
(Figure 1.3, PDB 1D: 2JU6).67 Capitalizing on the work of Kay and others68 in the use of 
α-keto acids in solution NMR sample preps, the Meier group produced methyl proton 
labeled ubiquitin and demonstrated a 4D HCCH pulse sequence for determining long-
range distances in a protein.69 These restraints where used to solve the structure of 
ubiquitin (PDB ID: 2L3Z). In addition to nanocrystalline systems, 1H-detection has now 
been applied in some initial examples to membrane proteins and fibrils.70 
1.6	  Additional	  New	  Methods	  
Another method for long-range NMR distances relies on the paramagnetic relaxation 
effect (PRE), in which the effect of an unpaired electron spin on the R1 and R1rho 
relaxation rates of nearby spins is observed. As recently demonstrated by the Jaroniec 
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group, by attaching paramagnetic tags, such as a nitroxide or EDTA chelated Cu, to 
Cys sites in a protein, the PRE can be observed for many sites throughout a protein.71 
These relaxation effects can be modeled to provide accurate distance information for 
sites between 10 and 20 Å away from the spin label, which can in turn be used to solve 
the structure of the protein (Helmus et al., unpublished). The thiol chemistry used to 
attach paramagnetic tags to unique Cys residues can also be used to attach other 
moieties, such as CH3 or CF3 groups. 19F NMR through such groups or 19F labeled 
amino acids that can also be used to determine long-range distances.72, 73  
One continual challenge facing SSNMR is sensitivity. By diluting a protein sample 
many fold in a biologically relevant bilayer, signals, especially for large proteins, are 
very weak. Higher field magnet systems and 1H detection can help address this 
shortcoming, but another method that has matured in recent years is dynamic nuclear 
polarization (DNP). DNP has been shown to give signal enhancements in model 
systems up to ~150 times, and in protein systems of 30-60.74 Such factors would allow 
factor of 10 dilutions with proteins 3-6 times larger while still maintaining similar signal 
averaging times. Alternatively, extensive spectral editing through 4D experiments to 
resolve signals becomes much more feasible with the increased amount of signal. Since 
DNP takes place at cryogenic temperatures, line broadening is an issue; however, the 
ability to access more dimensions or target a single signal may help overcome broader 
lines. For example, the Griffin group was able to resolve signals in the active site of 
bacteriorhodopsin and investigate photointermediate states.75 
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1.7	  Computational	  methods	  
While every experimental effort is made to obtain unambiguous long-range distance 
constraints, in most cases for large proteins, chemical shift degeneracy combined with 
insufficient sensitivity for 3D and/or 4D spectra, results in many observed correlations 
being ambiguous. Modern structure determination software has developed algorithms to 
handle such data. X-PLOR’s PASD routine76 and the CNS addition Solaria77 both allow 
for a probability based approach to ambiguous distance restraints. By systematically 
attempting to assign ambiguous correlations, based on comparisons to intermediate 
structures, these algorithms are able to determine consensus assignments from large 
numbers of ambiguous distance restraints.  
1.8	  Future	  Directions	  
As we look towards the future, two big advances are notable. The first is automated 
chemical shift assignments. Currently many months to years are required to obtain 
complete site-specific chemical shift assignments for large protein systems. Because 
these site-specific assignments are necessary for any site-specific distance or structural 
information (PREs, CSTs, VEANS, etc) they are a necessary first step in structure 
determination. Work in automating this process has proceeded in the solution NMR 
community for many years, and is more recently starting to gain momentum within the 
SSNMR community. 78, 79 Because SSNMR linewidths are generally broader than those 
in solution NMR, and the likelihood of missing signals is greater, modifications of the 
algorithms are required. Nevertheless, several programs have recently been shown to 
work on small nanocrystalline proteins, and work on larger systems is underway. 
Advances in 1H detected SSNMR should also assist in the adoption of automated 
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assignments, as the datasets obtained more closely resemble the data obtained in 
solution NMR. 
Finally, the canonical procedure of chemical shift assignments followed by obtaining 
long-range distances and angles information for the use in simulated annealing 
structure calculations is being complemented by new methods that work straight from 
chemical shift information. The programs Rosetta and CS-Rosetta80 have shown great 
promise for determining the structures of moderately sized proteins using only solution 
NMR chemical shifts and/or ambiguous NOE information.81 In addition, other CS based 
calculations now show a similar ability to tackle moderately sized systems.82,83 While 
these techniques may need further enhancement to work with protein fibrils or lipid 
associated membrane proteins, refinements have enabled CS-Rosetta to deal with 
multimeric protein complexes.  
1.9	  Conclusion	  
In conclusion, over the past two decades the field of protein structure determination 
by SSNMR has taken huge leaps forward, moving from small polypeptides to protein 
complexes, fibrils and membrane proteins. As sensitivity and resolution in SSNMR 
continue to improve, larger and more complicated systems will continue to become 
available. The unique ability of SSNMR to access these biologically and medically 
important systems at atomic resolution will enable SSNMR to become a tool of huge 
importance to structural biology and medicine. The potential to automate much if not all 
of the data analysis opens the door for high throughput structure determinations, as we 
are now seeing in solution NMR and X-ray crystallography.  
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2.2	  Introduction	  
Magic-angle spinning (MAS) solid-state NMR (SSNMR) has been used to solve 
several complete protein structures in recent years,1-6 and the precision of these 
structures is improving.5 These advances are important because SSNMR is able to 
investigate samples with only local order and offers the most promising avenue towards 
routinely solving the structures of insoluble proteins that do not form single crystals. 
Specifically, substantial progress has been made in SSNMR structural investigations of 
both membrane proteins7-14 and protein aggregates.6, 15-20 One major remaining goal is 
to solve structures of these systems at a rate and quality comparable to those produced 
by solution NMR and x-ray crystallography. Most SSNMR structures so far have been 
solved with a combination of semi-quantitative 13C-13C, 15N-15N and 1H-1H distances, of 
precision comparable to nuclear Overhauser effects (NOEs) measured in solution. In 
addition, empirical dihedral angle restraints from TALOS assist in computational 
refinement of secondary structure elements.21 Until recently, the highest quality SSNMR 
structures were reported with backbone RMSD (bbRMSD) values of ~0.8 to 1.4 Å.1-4 
We have recently reported that with large numbers of distances, as well as high 
precision vector angle restraints, structures can be refined to ~0.2 Å bbRMSD.5 
Likewise, we have shown that chemical shift tensors provide another avenue to atomic 
resolution structure refinement.22 
Here we investigate the measurement of high precision heteronuclear (15N-13C) 
distance restraints to refine protein structure to atomic-resolution. Heteronuclear dipolar 
couplings, normally averaged by MAS, can be reintroduced with a train of rotor 
synchronized rf-pulses, as in the rotational echo double resonance (REDOR)23 
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experiment and its analog transferred echo double resonance (TEDOR).24 For spin 
pairs or clusters, these methods offer exquisitely high precision determination of 
internuclear distances by reporting dipolar dephasing (for REDOR) or buildup (for 
TEDOR) trajectories under the influence of a pulse sequence in which the multiple spin-
pair interactions mutually commute with one another.25, 26 Furthermore, for application to 
proteins with a large number of isotopic labels, the 3D z-filtered TEDOR (ZF-TEDOR)27 
pulse sequence was developed, enabling quantitative trajectories to be extracted from a 
series of 2D spectra in which the 13C and 15N chemical shifts for each unique spin pair 
are encoded. Therefore, many dozens of distances could be measured in uniformly-
13C,15N-labeled peptides.28, 29  
Although the ZF-TEDOR experiment addresses the direct and indirect effects of 13C-
13C scalar couplings in the observed trajectories and peak lineshapes, the modulations 
arising from one-bond couplings compromise the dynamic range of the measurement 
for weak dipolar couplings. This well-recognized challenge has previously been 
addressed by band-selective decoupling (BASE TEDOR),27 as well as a semi-constant 
time TEDOR version.30 Here we address this in a third, complementary way, by 
preparing protein samples where the percentage of directly bonded 13C pairs is 
minimized, as derived from either 1,3-13C-glycerol (along with natural abundance 
carbonate) or 2-13C-glycerol (and 13C carbonate) as its sole sources of carbon. This 
expression scheme, originally developed by LeMaster et al.,31 and utilized previously in 
SSNMR,1, 5, 32 produces an anticorrelated “checkerboard” pattern of 13C and 12C labeling 
for most amino acids, enhancing resolution and sensitivity most notably in 13C-13C 2D 
and 15N-13C-13C 3D experiments. 
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We show here that for 3D ZF-TEDOR experiments, this glycerol-derived labeling 
pattern is particularly beneficial, enabling high-quality experimental data to be acquired 
with hundreds of resolved correlations. We then demonstrate a protocol for fitting the 
dipolar trajectories quantitatively, modeling the spin dynamics for each set of several 
15N spins coupled to each resolved 13C site. This approach enables quantitative 
analysis for distances of up to at least ~5 Å, as well as detection of much longer 
distances (~8 Å) with moderate precision. These distance restraints prove useful in 
determining protein tertiary structure.  
 
2.3	  Experimental	  and	  Computational	  Methods	  
2.3.1 Sample Preparation.  
Samples of GB1, a 6 kDa streptococcil protein expressed from E. coli were 13C and 
15N isotopically labeled by bacterial overexpression in media containing 15N ammonium 
chloride as the sole nitrogen source and either (a) 2-13C-glycerol and calcium 13C-
carbonate, or (b) 1,3-13C-glycerol and natural abundance carbonate, as the sole carbon 
sources.1, 3, 5, 31, 33 We refer to these preparations throughout the text as [2]-GB1 and 
[1,3]-GB1 respectively. In each case, ~18 mg of nanocrystalline protein was packed into 
the central 80% of a limited speed 3.2 mm Varian rotor (Varian, Inc., Fort Collins, 
Colorado). All experiments were performed using a 500 MHz InfinityPlus spectrometer 
(Varian, Inc., Palo Alto, California and Fort Collins, Colorado) equipped with a 3.2 mm 
T3 BalunTM 1H-13C-15N MAS probe. Pulse widths (π/2) for 1H, 13C, and 15N were 2.6 ms, 
3.0 ms, and 6.0 ms respectively. Spinning was controlled via a Varian MAS controller to 
11,111 ± 2 Hz.  
 25 
2.3.2 NMR Spectroscopy.  
A series of two-dimensional (2D) 15N-13C planes was acquired according to the 3D 
ZF-TEDOR pulse sequence.27 TPPM decoupling was used during acquisition with a 1H 
field of ~70 kHz (6.7 ms, 15.0o total phase difference). TPPM conditions during REDOR 
(5.0 ms, 18.0o) were optimized with 5.76 ms mixing and a nominal 1H field of ~100 kHz. 
13C and 15N p-pulse widths during TEDOR were 6.0 ms and 15.2 ms respectively, the 
latter value adjusted to ensure that the ratio of 1H to 15N nutation frequency was at least 
3:1 to minimize decoupling interference.34, 35 Spectra were acquired with the minimum 
phase cycle of 16 scans per row, resulting in 4.5 hour blocks of measurement time with 
each 2D plane digitized to 640 points (TPPI) by 45 µs per row in t1 (15N, 28.8 ms 
maximum evolution time) and 3072 complex points (15 µs dwell) in the t2 acquisition 
dimension (13C, 46.1 ms acquisition time). Data processing was performed with 15 Hz 
and 5 Hz net line broadening in the direct and indirect dimensions respectively (using a 
1:2.5 ratio of negative Lorentzian to positive Gaussian apodization) and zero filling to 
8192 by 8192 complex points. 
The 15N-13C dipolar trajectories were sampled with values of tmix (according to 
Jaroniec et al., Figure 2.1)27 incremented from 1.44 ms to 14.40 ms in steps of 1.44 ms. 
Signal averaging times were increased for longer mixing times, with a minimum of two 
blocks (9 h) acquired with tmix = 1.44 ms and a maximum of nine blocks (40.5 h) with tmix 
= 14.40 ms. Spectra were normalized, according to the total number of scans per row, 
prior to further analysis. 
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2.3.3 Numerical Simulations and Data Fitting.  
Spectra were processed in NMRPipe36 and peak intensities extracted from the 2D 
15N-13C planes using the nlinLS package, resulting in trajectories of integrated peak 
intensities as a function of mixing time, from 1.44 ms to 14.4 ms in 1.44 ms increments.  
Simulated trajectories were generated using SPINEVOLUTION37 to model spin 
dynamics of ZF-TEDOR with the following assumptions: (1) All spin coherences derived 
from a single 13C site commute with all other spin operators involving other 13C spins; 
(2) each 13C site is coupled to n 15N sites, which are not coupled to other 15N spins; (3) 
the relative orientations of the heteronuclear dipoles could be ignored. (We show 
experimentally (vide infra) that these approximations are valid in the limit of weak 
couplings.) Thus, simulated trajectories for each of the n 15N sites coupled to a single 
13C resonance were generated.  
The dipolar couplings and other incidental parameters were then determined by 
minimizing the global difference between the simulated and experimental trajectories, 
using in-house FORTRAN code that called MINUIT minimization libraries and 
SPINEVOLUTION.37 The distance between 13C and 15N spin pairs was simulated for 
each point on the trajectory and a scaling factor was applied to the result to account for 
the 13C labeling percentage. In this scheme, y-scaling, corresponding to labeling 
percentage, is held fixed over the ensemble and T2 relaxation, applied as a exponential 
decay, is allowed to vary by 10% over the ensemble, to account for possible higher 
order relaxation from 15N CSA recoupling during the REDOR periods.  
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2.4	  2D	  TEDOR	  Heteronuclear	  Correlation	  Spectroscopy	  	  
 
Figure 2.1: Carbonyl 13C region of 2D 15N-13C TEDOR spectra 
 Spectra of GB1 samples prepared from (a) 2-13C-glycerol, calcium 13C-carbonate and 15NH4Cl 
([2]-GB1) and (b) 1,3-13C-glycerol, natural abundance carbonate and 15NH4Cl ([1,3]-GB1). The 
sequence of GB1 (c) is provided for reference. Spectra were acquired at 500 MHz 1H frequency 
with 1.44 ms of TEDOR mixing. Peaks are labeled with their backbone 15N and 13C’ frequencies 
respectively, except for sidechain 15N sites which are explicitly indicated. Data were processed 
with 15 Hz net line broadening (Lorentzian-to-Gaussian apodization) in 13C and 5 Hz in 15N. 
Acquisition time was 9 hours for each spectrum. 
 
As demonstrated previously,38 the 2D 15N-13C’ spectra of [2]-GB1 (Figure 2.1a) and 
[1,3]-GB1 (Figure 2.1b) GB1 are well resolved, with natural 13C linewidths of ~0.2 ppm 
and 15N linewidths of ~0.5 ppm, principally limited by instrumental factors (such as the 
B0 homogeneity and the maximum time for which high power 1H decoupling can be 
applied). Spectra acquired at 1.44 ms 15N-13C mixing, the shortest value utilized here, 
contain strong peaks from one-bond correlations (e.g., N[i]-C’[i-1]), with the relative 
intensity depending principally upon the efficiency of the 13C labeling within each amino 
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acid. For example, in the [2]-GB1 sample, carbonyl sites for Leu are nearly 100% 
labeled, whereas Ala, Gly, Val and other amino acids from the glycolysis pathway are 
labeled only to a small extent; in the [1,3]-GB1 sample, a complementary pattern is 
observed. In both samples, carbonyl sites from amino acids in the citric acid cycle (most 
notably, Gln/Glu, Asp/Asn, Lys and Thr) are observed with approximately equal intensity 
in the [2]-GB1 and [1,3]-GB1 samples, due to the scrambling of 13C within the cycle. 
These signals serve as valuable internal controls to validate data analysis procedures.  
 
Figure 2.2: CA region of 2D 15N-13C TEDOR spectra. 
 (a) [2]-GB1; (b) [1,3]-GB1. Spectra acquired with 1.44 ms of TEDOR mixing and were 
processed with 15 Hz net line broadening (Lorentzian-to-Gaussian apodization) in 13C and 5 Hz 
in 15N. Acquisition time was 9 hours for each spectrum. 
 
Likewise, the TEDOR spectra are well resolved in the CA region, for both the [2]-
GB1 (Figure 2.2a) and [1,3]-GB1 (Figure 2.2b) samples, with nearly every expected 
cross peak resolved. Partial overlap of the N8, A20 and D46 resonances in the [2]-GB1 
spectrum is alleviated by the reduction of A20 intensity in the [1,3]-GB1 spectrum. An 
additional benefit of the glycerol labeling scheme is the absence of most one-bond 
homonuclear J-couplings, with the exception the Val and Ile CA-CB, which lead to 
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doublet patterns observed for I6 and the four Val residues (21, 29, 39 and 54). 
Moreover, broadening from off or near rotational resonance (R2) is avoided.33, 39-43 
These factors together contribute to high observed signal-to-noise ratio (SNR) for both 
samples, approximately 500:1 in nine hours of data collection for directly bonded 15N-
13C pairs that were ~100% labeled, and proportionately lower for the fractionally labeled 
sites. Thus it was also possible to observe weak peaks at natural abundance and/or 
with a small percentage of labeling; in several instances, sites that are nominally 
unlabeled appeared with approximately 5% of the maximum intensity (e.g., A48 C’ in 
the [2]-GB1 sample, Figure 2.1a). 
 
Figure 2.3: 13C labeling pattern measured by TEDOR in GB1.  
Red represents the [2-GB1] and green [1,3-GB1]. Each circle represents the intensity of 
correlations to the carbon type indicated at the top in the residue group indicated to the left. 
 
The glycerol-derived isotopic incorporation on an amino acid specific basis is likely 
to vary among proteins, due to differences in the relative percentages of each amino 
acids; in the case of GB1, such effects are likely to be exaggerated by the very high 
levels of expression (>100 mg / L) and the fact that GB1 lacks several amino acids 
(Cys, His, Pro, Ser, Arg) and has a large number of others (such as Thr, Asp and Glu). 
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Therefore the NCA and NCO 2D spectra can be utilized to approximate the percentage 
of 13C labeling in our samples. This percentage was incorporated as a parameter into 
the fitting procedure as an intensity scaling factor; this treatment is valid in the limit that 
the relaxation parameters are similar for all sites, which is satisfactory in the limit of 
short TEDOR mixing times. The results of this analysis are shown in Figure 2.3. Overall 
patterns were very similar to those reported previously,1, 3 but with substantial signal 
intensities (~10% of the maximum) for sites that were not expected to be labeled, such 
as CO resonances for Gly, Trp, Phe, Tyr and Ala in the [2]-GB1 sample. Despite the 
presence of these peaks, we consistently observed lineshapes lacking fine structure 
from 1JCC couplings, consistent with the anticorrelated labeling of neighboring carbons.  
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Figure 2.4: Methyl region of 2D 15N-13C TEDOR spectrum of [1,3]-GB1 at several mixing 
times. 
 (a) 1.44 ms; (b) 2.88 ms; (c) 4.32 ms; (d) 5.76 ms. Peaks are labeled only in the spectrum 
where they first appear. Labels indicate the backbone 15N site followed by the 13C to which it is 
correlated, except for side chain 15N sites that are specifically noted. Intraresidue correlations 
have no second residue number before the 13C label. Spectra were processed with 15 Hz net 
line broadening (Lorentzian-to-Gaussian apodization) in 13C and 5 Hz in 15N. 
 
At longer 15N-13C mixing times, additional 13C resonances are observed at each 15N 
frequency (Figure 2.4); many of these correlations are consistent with medium and long-
range distance restraints. For example, the methyl region of [1,3]-GB1 contains strong 
crosspeaks for two-bond N[i]-CB[i] pairs (dipolar coupling ~200 Hz) with SNR values of 
~30, or ~6% of the maximum intensity for the aforementioned one-bond correlations at 
1.44 ms 15N-13C mixing. At progressively longer mixing times, these crosspeaks 
increase in intensity to a maximum of ~150 at 5.76 ms (~30% of the maximum one-
bond crosspeak intensity). Even at the 1.44 ms mixing time, some interresidue 
correlations are observed (e.g., D40-V39CG1, G41-V54CG2, W43NE1-V54CG2), which 
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must have distances of greater than 3 Å. Peaks first appearing at 2.88 ms include those 
reporting on backbone-to-sidechain distances of ~4 Å (Val and Thr N-CG) as well as 
various long-range correlations (G9-V39CG1, L7-V54CG1, Q2-T18CG2, W43-
V54CG1). Nearly every 13C and 15N frequency is uniquely resolved, enabling 
straightforward assignment of the longer mixing time spectra. Chemical shifts agreed 
well with previously published values.44  
 
Figure 2.5. Methyl region of [1,3]-GB1 2D 15N-13C TEDOR spectrum. 
Spectrum acquired with 14.4 ms 15N-13C mixing, 40 hours measurement time. Data were 
processed with 15 Hz net line broadening (Lorentzian-to-Gaussian apodization) in 13C and 5 Hz 
in 15N.  
 
To evaluate the distance measurement range using this approach, we examined the 
spectrum at 14.4 ms mixing, the longest utilized in this study. At selected 13C 
frequencies, correlations are observed to nearly a dozen 15N sites. For example, I6CD1 
(a uniquely resolved 13C frequency, Figure 2.5) shows correlations not only within the b1 
strand to L5, I6 and L7, but also to b2 (G14, E15, and T16) and b4 (F52 and T53). 
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These correlations are potentially useful in restraining the relative position and register 
of these three secondary structure elements. Likewise, L5CD2 exhibits correlations 
within the b1 strand (to L5/L7, I6), b2 (T16) and b4 (F52 and T53). Complementary 
information is observed for V54CG1, within b4, with correlations to its neighboring 
residues (T53 and T55), b1 (I6, L7, G9), and b3 (G41, W43). Such correlations between 
secondary structure elements are reliably observed, and in several cases unambiguous 
peaks corresponding to distances of 8 Å or more (based on the 2QMT x-ray crystal 
structure45) are observed. Examples shown in Figure 2.5 include F52N-I6CG1 (7.79 Å 
distance in the crystal structure), V21N-M1CE (8.43 Å) and G14N-I6CD1 (8.71 Å). 
These long-range peaks are the most useful with regards to defining the tertiary 
structure of the protein.  
We considered whether some of the observed cross peaks might arise due to a 
multi-step polarization transfer involving two 13C spins and one 15N. This seemed 
unlikely due to the fact that the MAS rate was chosen to avoid R2 conditions.33, 39-43 
Furthermore, at the longest mixing time utilized here (i.e., 14.4 ms), with high power 
decoupling the rate of homonuclear transfer via spin diffusion must be substantially 
slower than what we observed in GB1 with rotary resonance recoupling on the 1H 
channel. In that case,5 we found it necessary to mix at least 50 ms to observe significant 
(>5% of the diagonal) intensity between 13C pairs separated by 2.5 Å. We examined a 
specific case, of Ile6 CD1, in the resulting GB1 structure to determine whether there 
were additional 13C sites physically positioned between source (Ile6 CD1) and 
destination (G14N) spins; in this case there were none within 5 Å. We attribute this, and 
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the general lack of spin diffusion by 13C-13C couplings, as a consequence of the sparse, 
glycerol-derived isotopic labeling. 
 
2.5	  Quantitative	  analysis	  of	  polarization	  transfer	  trajectories	  
As illustrated above, a large number of crosspeaks are observed in the 2D TEDOR 
spectra, and the corresponding distances may be approximated based on relative 
intensity within individual spectra, in a manner analogous to NOE analysis by solution 
NMR. However, for purposes of quantitative distance determinations, it is necessary to 
fit the trajectories with rigorous spin physics models. To do so, we next illustrate the 
fitting procedure for the polarization transfer trajectories. Like REDOR difference 
spectra,23 TEDOR trajectories24 for spin pairs can readily be fit to analytical (or 
numerically exact) spin dynamics models to extract accurate 15N-13C distances, and 
similar logic has been utilized to examine clusters of several spins.46-48 In contrast to 
REDOR, however, the fit of the TEDOR trajectories is somewhat complicated by the 
fact that the maximum absolute intensity in the trajectory depends not only on 
heteronuclear dipolar coupling, but also the 13C labeling percentage, as well as other 
factors (relaxation, presence of multiple dipoles, relative orientations, etc.).27 In 
particular, the labeling percentage is a critical parameter that contributes to the 
normalization of the spectral intensity, which distinguishes between (a) short distances 
involving a fractionally labeled 13C and (b) long distances involving a 13C that is ~100% 
labeled. These factors must be explicitly considered in order to determine quantitative 
coupling constants. To first approximation, we considered the couplings, labeling 
percentage and relaxation as fit parameters, assuming that the labeling percentage and 
relaxation must be the same for each 13C site, and that all 15N sites were labeled to 
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100%. The relative orientations of multiple 13C-15N dipoles were ignored. 
  
Figure 2.6: TEDOR polarization transfer trajectories selected 13C-15N correlations in GB1. 
 Trajectories for (a) A34CB in [1,3]-GB1 and (b) W43CZ3 in [2]-GB1. Correlations labeled on the 
2QMT crystal structure for (c) A34B and (d) W43CZ3. Intensities in the trajectories are derived 
from integrated volumes of peaks in 2D 15N-13C TEDOR experiments at the respective mixing 
times. Simulated trajectories were generated using SPINEVOLUTION simulations of the 
TEDOR pulse sequence as described in the text. Fit and X-ray distances for A34CB (a,c) are, 
respectively, A34N, 2.44±0.10 Å v. 2.44 Å; N35N, 3.29±0.10 Å v. 3.09 Å; V39N, 4.46±0.86 Å v. 
5.13 Å; G41N, 5.30±1.79 Å v. 6.74 Å; W43NE1, 5.9±3.2 v. 5.47 Å. Fit and X-ray distances for 
W43CZ3 (b,d) are, respectively, W43NE1. 4.10 v. 4.06 Å; K31N, 4.53 v. 4.61 Å ; V54N, 4.55 v. 
4.85 Å; T53N, 4.90 v. 5.18 Å; W43N, 6.02 v. 6.36 Å; T44N, 6.04 v. 6.15 Å; K31NZ, 6.38 v. 6.00 
Å. The molecular graphic shows the backbone of helices in purple, strands in yellow and loops 
in cyan; the dark blue circles are nitrogen atoms, and the distances to the labeled 13C site 
indicate with dotted lines.  
 
Figure 2.6 illustrates two typical scenarios encountered in fitting ensembles of 15N 
sites correlated to a single 13C. The A34CB resonance (Figure 2.6a) has intraresidue, 
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sequential, and long-range correlations. The intraresidue (A34N-A34CB) trajectory 
exhibits a maximum at 5.76 ms mixing, from which the distance of 2.44 Å is fitted 
directly, also uniquely constraining the intensity scaling factor. With accurate knowledge 
of this scaling factor, the remaining trajectories can be fit unambiguously. In comparison 
to the crystal structure (2QMT, Figure 2.6c), we find reasonable agreement for the short 
(A34N-A34CB, 2.44±0.10 Å TEDOR v. 2.44 Å X-ray), medium (N35N-A34CB, 
3.29±0.10 Å TEDOR v. 3.09 Å X-ray), and long (V39N-A34CB, 4.46±0.86 Å TEDOR v. 
5.13 Å X-ray; G41N-A34CB, 5.30±1.79 Å TEDOR v. 6.74 Å X-ray; W43NE1-A34CB, 
5.9±3.2 Å TEDOR v. 5.47 Å X-ray) distances. Uncertainties in the TEDOR-determined 
distances (as determined by the MINUIT routine) are largest for the peaks observed 
only at the long mixing times, such as W43NE1-A34CB, which is at the borderline of 
sensitivity in this experiment. 
In general, 15N-13C distances of less than ~3.5 Å will yield trajectories exhibit maxima 
at less than 14.4 ms, which can be uniquely fit to intensity scaling and heteronuclear 
coupling. In cases where no 15N nuclei are within 3.5 Å of an observed 13C resonance, 
this procedure becomes problematic and the final scaling factor, and therefore 
distances, becomes less reliable. For example, the W43CZ3 TEDOR trajectory (Figure 
2.6b) has not yet reached its maximum at 14.4 ms; trajectories in the initial rate regime 
exhibit a strong covariance between the intensity scaling factor and the dipolar coupling. 
Therefore the certainty of distance determination is limited by knowledge of the 
hypothetical maximum signal intensity. To address this problem, knowledge of known 
molecular geometry in this case can be utilized as an internal control to disambiguate 
the fit parameters. Specifically, the W43NE1-W43CZ3 distance is dictated by the 
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geometry of the indole ring to be 4.06 Å. Thus in fitting this group of trajectories we 
constrained this distance to be 4.05 ± 0.05 Å, and the global fit for all six distances was 
found to be internally consistent. Distances calculated from this trajectory were 
systematically short without the control, but using this chemical restraint the 15N to 
W43CZ3 distances converge very well to those observed in the X-ray structure (K31N, 
4.53±0.10 v. 4.61 Å X-ray; V54N, 4.55±0.10 v. 4.85 Å; T53N, 4.90±3.90 v. 5.18 Å; 
W43N, 6.02±0.10 v. 6.36 Å; T44N, 6.04±0.10 v. 6.15 Å; K31NZ, 6.38±0.10 v. 6.00 Å). 
When fixing a distance within the ensemble, error determinations for the remaining 
distances become less reliable as the mingrad MINUIT algorithm cannot properly 
sample the solution space to determine the reliability of the fit, although a reasonable 
estimate of the uncertainty for all trajectories shown here is better than ±0.4 Å (i.e., the 
range of distances from the mean required to generate simulations that encompass all 
observed experimental data points). A total of 726 distance restraints (340 from the 
[1,3]-GB1 and 386 from the [2]-GB1) were determined. Among these, 454 had distance 
uncertainties of 0.2 Å or less; another 95 had uncertainties between 0.2 and 0.5 Å, 48 
between 0.5 and 1.0 Å, and the remaining 64 had uncertainties greater than 1.0 Å. In 
some instances (including most of the 64 reported to have greater than 1.0 Å 
uncertainty), MINUIT failed to report reasonable errors (for example T53N-W43CZ3, 
Figure 2.6b) although by manual inspection it was clear that the trajectories were well 
fit. Nevertheless, the large uncertainties were used in subsequent calculations (vide 
infra). 
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Figure 2.7: Scatter plot of 15N-13C distances determined by TEDOR experiments and X-ray 
crystallography . 
 (a) Plot including all 15N sites. (b) Plot including only backbone amide sites. The solid line has a 
slope of one, to guide the eye, and the dotted lines indicate variations of ±25% from the nominal 
distance. 
We identified and removed intermolecular correlations based on similarity to 
contacts observed previously.5, 30, 49 The remaining TEDOR-determined 13C-15N 
distances showed good agreement with the X-ray structure (Figure 2.7). Excluding the 
prochiral methyl carbons with ambiguous assignments and sidechain 15N sites, 240 out 
of 327 distances (73%) determined in the [2]-GB1 sample were within 10% of the X-ray 
determined distances, and 313 out of 327 (96%) were within 25% of the X-ray distance. 
For [1,3]-GB1, likewise, 168 out of 260 (65%) were within 10%, and 235 (90%) were 
within 25%. There is a trend evident in the plot, that outlying points with shorter-than-
expected NMR distances are observed more frequently than longer-than-expected NMR 
distances; we attribute this to the fact that the shorter-than-expected NMR distances are 
derived from stronger-than-expected cross peaks, which are above the noise floor, 
whereas the weaker-than-expected cross peaks are not observed at all. In addition, 
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variations between the TEDOR and X-ray distances are expected because the sample 
preparations are not identical. For example, we previously found significant differences 
in sidechain conformation due to subtle differences in crystal polymorphism45 which 
more detailed NMR studies could elucidate.  
  
2.6	  Protein	  Structure	  Calculations	  with	  Heteronuclear	  Distance	  Restraints	  
Table 2.1: TEDOR Restraints Used in Structure Calculations 
Restraint Type Never Violated Violate Oncee Violate Twicef Total 
Longa 108 23 4 135 
Mediumb 53 4 0 57 
Sequentialc 211 17 0 228 
Intraresidue 268 42 1 311 
Total 640 86 5 731 
Percent of Total 87.6 11.8 0.7  
a |i-j| > 4 
b |i-j| ≤ 3 
c |i-j| = 1 
d Restraints that did not violate by more than 0.3 Å in a majority of the lowest energy models 
e Restraints that violated once and had 1 Å added to their error. 
f Restraints that violated after being lengthened and were removed from additional calculations. 
We next calculated a de novo structure of GB1 in XPLOR-NIH50 using as 
experimental restraints the complete set of TEDOR-determined 15N-13C distances. 
Experimental uncertainties were assumed to have a minimum of 0.1 Å, even in cases 
where MINUIT reported smaller uncertainties. In addition to distances, TALOS21 was 
used to determined backbone dihedral angle from the isotropic chemical shifts. Initial 
structures calculated this way converged to a ~0.6 Å backbone RMSD fold of GB1, with 
approximately 36 15N-13C distances violating by more than 0.5 Å. In cases where 
distance restraints consistently violated the majority of lowest energy structures, the 
uncertainties were increased by 1.0 Å and the calculation repeated. Two restraints, 
T53N-I6CG1 from [1,3]-GB1 and K10NZ-CG from [2]-GB1 (out of the 36) that continued 
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to violate, despite this increase in uncertainty, were removed altogether. The backbone 
RMSD converged to 0.35 Å after this round of calculations. The violation threshold was 
then reduced to 0.3 Å, and another 52 violating distance restraints were relaxed and 
three more, W43N-V54CG1 from both [1,3]-GB1 and [2]-GB1 and T54N-I6CG1 from [2]-
GB1, were removed (86 in total). The process was repeated until no violations greater 
than 0.3 Å remained. Table I shows all restraints used in the calculation sorted by the 
distance in the primary structure. Long-range (|i-j|>3), medium range (1<|i-j|<4), 
sequential (|i-j|=1) and intraresidue correlations are listed along with the number of 
violations seen in each category. The majority of all restraints (~88%) never violated in 
any of the calculations.  
The violating distance restraints were predominantly in one of two categories: (1) 
long-range restraints to 13C or 15N sites on flexible side chains and (2) distances 
involving 13C nuclei with no 15N within ~4 Å. Examples of the first case are I6CD1, 
I6CG1/2, L7CG, L7CD1/2, K13CE, K13CD and several Lys NZ resonances. As shown 
by Ishii and Terao, molecular motion alters the effective dipolar couplings in SSNMR,51 
in a manner that for strong couplings will generally result in larger values for r 
determined by <1/r3> (the NMR observable) than from <r> (the X-ray diffraction 
observable). In the case of 13C nuclei with no nearby 15N, the y scaling factor is highly 
uncertain, and therefore the covariance between intensity and coupling in this initial rate 
regime gives the distance estimations a high uncertainty. These effectively serve as 
long-range distance restraints of quality similar to NOEs. 
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Figure 2.8: GB1 structure calculated using TEDOR distance and TALOS dihedral 
constraints. 
 (a) Backbone trace of the 10 lowest energy structures (PDB ID: 2KQ4) out of 260 calculated. 
(b) Sidechains drawn in CPK coloring scheme. The backbone RMSD is 0.25±0.09 Å within the 
family of 10 best NMR structures, and the RMSD in comparison to the crystal structure (2QMT) 
is 0.76±0.06 Å. The all heavy atom RMSD is 0.79±0.03 Å.  
Table 2.2: XPLOR Calculation Energies for 10 Lowest Energy Structures 
Energies Average (kcalmol-1) Stdev 
Total 228.78 3.52 
Bonds 19.35 1.18 
Angles 80.15 2.28 
VDW 0.03 0.09 
TEDOR 115.96 2.93 
Dihedral 4.56 0.55 
Improper 8.72 0.76 
 
Once violating distance restraints were removed by this procedure, the resulting 
structure calculation converged to a family of structures (PDB ID: 2KQ4), the 10 lowest 
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energy out of 260 calculated, with a backbone RMSD of 0.25 ± 0.09 Å with an all atom 
RMSD of 0.76 ± 0.06 Å. The average structure showed good agreement with the most 
closely related crystal structure (PDB ID: 2QMT), with a bbRMSD of 0.79 ± 0.03 Å. 
Figure 2.8 shows the family of best structures shown with (a) only backbone atoms and 
(b) all side chain atoms. Most variation among the structures is observed in the turns at 
the beginning and end of the helix. The side chains of residues in the core of the protein 
are very well constrained leading to very high similarity as indicated by the low all atom 
RMSD. Thus a majority of the variance in the all atom RMSD is from external side 
chains that are less well constrained. Table II shows the average XPLOR energies for 
this family of structures, which indicate that a majority of the pseudoenergy in these 
structures arises from the TEDOR distance constraints and the XPLOR angle restraints.  
2.7	  Conclusions	  
 We have demonstrated that the TEDOR pulse sequence can be applied to a 
preparation of GB1 that was uniformly 15N and sparsely 13C labeled. This sparse 13C 
labeling allows for long-range TEDOR distances to be observed for every 13C site in 
GB1. Multiple 15N-13C mixing times were used to create dipolar coupling trajectories for 
carbon and nitrogen sites up to 6 Å apart, and to detect correlations arising from pairs 
up to 8 Å apart. These trajectories were fit to exact numerical simulations of TEDOR 
allowing 15N-13C distances to be determined with both precision and accuracy. When 
incorporated into simulated annealing calculations these distance restraints, combined 
with dihedral restraints, produced a very high resolution fold of GB1. Substantially fewer 
distances were required to determine this structure than in solution NMR studies with 
similar precision, due to the fact that TEDOR short-to-medium distances can be 
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determined with greater precision and accuracy than 1H-1H NOEs. Because SSNMR 
has no intrinsic upper molecular weight limit, this approach is promising for the study of 
larger nanocrystalline proteins, membrane proteins and insoluble aggregates, in cases 
where high-resolution 2D 15N-13C spectra can be obtained. 
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  3.2	  Introduction	  
Solid-state NMR (SSNMR) spectroscopy is a uniquely effective method for protein 
structure determination of insoluble protein fibrils or aggregates.1-4 SSNMR spectra of 
such samples often contain intramolecular and intermolecular correlations with similar 
intensities, leading to ambiguities in interpretation of data sets obtained from undiluted, 
uniformly-13C,15N-labeled samples. In order to faithfully reproduce tertiary and 
quaternary structural features, differential isotopic labeling strategies must be utilized. 
For example, intensities of intermolecular crosspeaks are attenuated by diluting the 
labeled sample in natural abundance material. Alternatively, these signals can be 
accentuated by utilizing regio-specific 15N and 13C labeling, as demonstrated in studies 
of reassembled thioredoxin,5 or recrystallizing physical mixtures of 15N and 13C labeled 
proteins, such as Crh.6 With such labeling patterns, heteronuclear distance 
techniques—such as REDOR,7 TEDOR,8 and NHHC methods6—can be applied to 
obtain site-specific distance restraints across molecular interfaces. 
Here we extend this approach to the full, atomic-resolution structure determination of 
a quaternary protein assembly in the nanocrystalline state. We utilize 3D Z-filtered 
TEDOR,9 as recently demonstrated to quantify intramolecular distances in proteins,10 to 
detect site-resolved intermolecular correlations. The distance restraints are incorporated 
into simulated annealing calculations, resulting in a specific quaternary arrangement 
that is independent of the initial condition. For example, if the coordinates from the 
known trigonal X-ray crystal structure (PDB ID 2QMT)11 are used as the starting point 
for the calculation, the NMR restraints refine the exact atom positions but do not change 
the quaternary arrangement; if instead the orthorhombic X-ray lattice coordinates are 
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used (PDB ID 2GI9),12 in the course of the calculation, the relative orientations of 
neighboring molecules change substantially, transforming into the trigonal form. Finally, 
calculations initialized with isolated monomers converge to the trigonal form. These 
results demonstrate that SSNMR methods can fully reproduce not only secondary and 
tertiary, but also quaternary, structural features at atomic-resolution detail. 
3.3	  Methods	  
3.3.1 Sample Preparation 
Samples of GB1 were prepared by bacterial overexpression in two batches: (a) 15N 
isotopically labeled in media containing 15N ammonium chloride and natural abundance 
glucose, and (b) 13C isotopically labeled in 1,3-13C-glycerol and natural abundance 
sodium carbonate and ammonium chloride. The sample was prepared by physically 
mixing a 50:50 ratio of these two preparations prior to nanocrystalline precipitation by 
previously reported methods. Additional samples of 13C and 15N enriched GB1 were 
also prepared in media containing 15N ammonium chloride and either 2-13C-glycerol and 
calcium 13C-carbonate as reported earlier.1 Samples (each with ~18 mg protein) were 
packed into the central 80% of limited speed 3.2 mm Varian rotors (Varian, Inc., Fort 
Collins, Colorado). 
3.3.2 Solid-state NMR spectroscopy 
Experiments were performed using a 500 MHz InfinityPlus spectrometer (Varian, 
Inc., Palo Alto, California and Fort Collins, Colorado) equipped with a 3.2 mm T3 
BalunTM 1H-13C-15N MAS probe. Pulse widths (π/2) for 1H, 13C, and 15N were 2.55 µs, 
2.9 µs, and 5.5 µs respectively. Spinning was controlled with a Varian MAS controller to 
11,111 ± 2 Hz. TPPM decopuling13 (~75 kHz, 1H pulse width 6.6 µs, total phase 
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difference 15°) was used during acquisition and 15N evolution. TPPM during REDOR 
periods was independently optimized at a higher power level (~100 kHz, 5 µs, 11°).  
ZF-TEDOR 2D planes with 8.64, 16.86 and 21.6 ms of mixing were acquired. Each 
was digitized to 3072 x 10 µs in the direct (13C) and 80 x 180 µs in the indirect (15N) 
dimension. Total measurement times were 21.7, 34.6 and 26 hrs. 
3.3.3 Structure Calculation Methods  
Simulated annealing calculations were performed using the python extension of 
XPLOR-NIH.14 Intermolecular TEDOR restraints were applied ambiguously from the 
central GB1 molecule to any other GB1, enforcing the intermolecular nature of the data. 
Intramolecular restraints were applied to each monomer and included TEDOR distances 
and TALOS dihedral angle restraints. A symmetry potential was used to enforce 
similarity between all monomers in each calculation, as required by our NMR data which 
shows only a single set of peaks for each residue. For the docking procedure this 
potential was also used to fix the internal coordinates of the monomers: by fixing the 
atom positions of the central monomer and applying a large symmetry potential the 
center of mass and orientation of the peripheral GB1 monomers were allowed to 
change while keeping the internal structure fixed. High temperature dynamic times of 20 
ps were used for the trigonal and in silico calculations and 40 ps for the orthorhombic to 
trigonal annealing followed by annealing times of 60 ps. In all cases 600 structures were 
calculated with the set of lowest 10 energy structures reported. bbRMSDs reported for 
these sets are the average of the 10 RMSDs for the backbone aligned in VMD-XPLOR, 
reported error is the standard deviation. In the cases where bbRMSDs are reported to 
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crystal structures the same structures are aligned to the X-ray crystal lattice in VMD-
XPLOR15 and the RMSD of all 10 structures, to the X-ray was reported. 
3.4	  ZF-­‐TEDOR	  on	  Mixed	  Labeled	  Samples	  
 
Figure 3.1. 2D 15N-13C plane of 3D ZF-TEDOR spectrum. 
ZF-TEDOR plane illustrating intermolecular correlations from a recrystallized physical mixture 
(50:50) of 1,3-13C-glycerol and 15N-labeled GB1. Data were acquired at 500 MHz (1H) with 21.6 
ms 15N-13C mixing, 14.4 ms 15N and 30.7 ms 13C evolution. Total measurement time 26 hrs. 
 
Previously we have collected a range of structural data for GB1 in the 
nanocrystalline state—including homonuclear distance restraints and vector angles,16 
backbone chemical shift tensors,17 and high-precision 15N-13C distance restraints.10 The 
3D Z-filtered TEDOR pulse sequence produces hundreds of intramolecular 15N-13C 
restraints, which are sufficient (with TALOS18 restraints) to define an atomic resolution 
protein structure (PDB ID 2KQ4).10 Extending this approach to physical mixtures (50:50) 
of 13C- and 15N-labeled molecules results in a rich set of intermolecular restraints. The 
spectra were collected with a 500 MHz Varian InfinityPlus spectrometer and 3.2-mm 
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BalunTM 1H-13C-15N probe, with ~100 kHz TPPM decoupling during the REDOR 
periods. Under these conditions, the 15N and 13C (especially methyl and carbonyl) T2 
values are >25 ms, coherence lifetimes that in combination with the sparse labeling 
pattern (mitigating effects of scalar 13C-13C couplings) enabled the detection of 
particularly strong TEDOR cross peaks. The peak intensities continue to increase up to 
mixing times of at least 20 ms (Figure 3.1). Most of these correlations are intermolecular 
correlations (natural abundance, intramolecular correlations are observed but are much 
weaker, and can be readily identified with spectra at short mixing times, (Figure 3.3 
below). Reverse labeling of the 15N sample with 13C-depleted glucose would further 
suppress these undesirable peaks, and this strategy would be beneficial for proteins of 
higher molecular weight and/or greater spectral degeneracy. 
 
Figure 3.2: Intermolecular 15N-13C distance restraints observed by TEDOR.  
The β2’-β3 intermolecular interface of GB1 nanocrystals with intermolecular restraints, with 
maximum distances of 5, 7 and 8 Å, determined by the TEDOR mixing time at which the peaks 
were first observed. 
 
The observed 15N and 13C linewidths were ~0.5 and 0.2-0.3 ppm, respectively, 
enabling unique (unambiguous) assignment of several intermolecular correlations 
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based on the published GB1 chemical shifts.19 From these assignments, we identified 
two distinct molecular interfaces: (1) an anti-parallel intermolecular beta-sheet (b2’-b3), 
defined by long-range correlations with (i+j) = 58 ± 2 (Figure 3.2) and (2) contacts 
between helical residues 28-31 and residues 1 and 20-21. A subset of these 
correlations has been previously reported.10, 16, 20, 21 We obtained a sufficiently large 
number of unambiguous restraints that structure calculations generally converged well 
and clarified the assignment of ambiguous restraints.  
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Figure 3.3. 2D 13C-15N planes from the 3D ZF-TEDOR spectrum collected with 50% U-15N 
GB1 physically mixed with 50% 1,3-13C glycerol labeled GB1. 
 TEDOR mixing times of (a) 8.64 ms and (b) 16.48 ms are shown. Spectra were acquired at 500 
MHz (1H) with 21.6 ms 15N-13C mixing, 14.4 ms t1max (15N evolution) and 30.7 ms 13C acquisition 
time. Total measurement time was (a) 21.7 and (b) 34.6 hours. Peaks in (a) labeled with 
asterisks are attributed to natural abundance 13C in the 15N labeled samples. These weak peaks 
decrease in intensity at longer than 8 ms mixing times and therefore are concluded to be 
intramolecular and were not included in the restraint lists for the structure calculations. 
 
Intermolecular TEDOR restraints were extracted from 2D TEDOR planes by first 
picking peaks from the longest (21.6 ms, Figure 3.1) 15N-13C mixing experiments and 
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then determining which of these peaks also appeared in the shorter mixing experiments 
(Figure 3.3). A small subset of peaks—which we attribute to natural abundance 13C 
sites on the 15N labeled sample—appear at the shortest mixing time; however, these did 
not prove difficult to differentiate from the labeled sites. Specifically, the maximum 13C-
15N transfer for TEDOR is theoretically 52%, and we observe on the order of 40% for 1-
bond (1.45 Å, at 1.44 ms) and 30% for a 2-bond (2.45 Å, at 5.76 ms) 15N-13C distances. 
Thus the strongest natural abundance peaks will appear at 0.4% and 0.3% respectively 
of the reference spectrum, and these intensities decay at longer mixing times. For 
example, the natural abundance peaks observed (Figure 3.3a, labeled with asterisks) 
decay below the noise threshold at longer mixing times (Figure 3.3b and Figure 3.1). At 
mixing times of ~20 ms, the natural abundance 13C sites decay to a small fraction of 
their initial intensity, and the intermolecular correlations increase in intensity.  
Intermolecular TEDOR restraints were assumed to have distance ranges <5 Å for 
restraints first appearing at 8.64 ms mixing, <7 Å for peaks that were first observed in 
the 16.86 ms data and <8 Å for those peaks only seen in the 21.6 ms mixing time 
spectrum. These distances correspond to the longest-range correlations observed in the 
undiluted 15N-13C sample10 at moderate (~8 ms, 6 Å) and long (~15 ms, 8 Å) mixing 
times, corrected for the relative amount of sample and signal averaging time; i.e., with 
25% of the sample quantity (50% is labeled with either 15N or 13C, and only 50% of 
intermolecular interfaces have the complementary labeling to enable 15N-13C 
correlations) but twice the signal averaging time, we observed a ~2-fold decrease in 
signal to noise. Therefore we adjusted the distance threshold (assuming the linear rate 
regime of TEDOR buildup) by 2^(-1/3) = ~0.8.  
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3.5	  In	  silico	  Annealing	  of	  the	  GB1	  Crystal	  Lattice	  
Correlations were assigned in a manner explicitly taking ambiguity into account; 
possible assignments included any 15N resonance within 0.25 ppm and any 13C 
resonance within 0.15 ppm of the observed crosspeak frequency (corresponding to half 
the average linewidths in each dimension). This procedure resulted in restraints with up 
to four-fold ambiguity in each dimension. For example, the peak at 123.3 ppm 15N, and 
173.1 ppm 13C (Figures 3.1 and 3.3) has nine possible assignments (three-fold 
degenerate in each dimension): Y3N, K13N or D47N correlated to K4C, G9C or T11C. 
However, 20 restraints were completely unambiguous, while 18 were two-fold and 14 
were threefold degenerate. The remaining 36 were four or more fold degenerate (all 
intermolecular restraints are shown in Table 3.1 at the end of the Chapter).  
 
Figure 3.4. Quaternary structure of GB1 (10 lowest energy structures out of 600) as 
determined by simulated annealing structure calculations. 
The 10 lowest energy structures out of 600 calculated, initiated from the (a) trigonal (PDB ID 
2QMT) and (b) orthorhombic (PDB ID 2GI9) crystal lattice. Ambiguous intermolecular TEDOR 
restraints were used for which all possible 15N and 13C assignments for a given correlation 
were included.  
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The crystal lattices used as the starting structures for the trigonal (2QMT) and 
orthorhombic (2GI9) calculations were generated using SwissPDB viewer22 
(http://www.expasy.org/spdbv/) selecting all GB1 monomers with 15N sites within 8 Å of 
a 13C site on the central monomer. In both cases a total of six GB1 molecules were 
found to have 15N-13C pairs less than 8 Å apart. The calculation was performed starting 
with each crystal form, applying identical restraints. Intermolecular restraints were 
assigned taking into account the inherent ambiguities; for each peak, all 15N and 13C 
resonance frequencies within half the peak linewidth were deemed possible 
assignments. The ambiguous restraints were then formalized in XPLOR-NIH lists. 
Figure 3.4 illustrates the results for calculations initiated using the (a) trigonal and (b) 
orthorhombic crystal packing geometries. In the case of the trigonal packing one of 
those monomers was only restrained by one correlation, and as such did not converge 
to a unique conformation in the final calculations. Thus in Figure 3.4 only the five well-
restrained monomers are shown. Similarly for the orthorhombic lattice the sixth 
monomer was not restrained at all and is not shown in Figure 3.4. 
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Figure 3.5 Agreement of intermolecular TEDOR structures with initial crystal lattices. 
Two monomers (10 lowest energy out of 600 calculated) taken from the (a,b) trigonal and (c,d) 
orthorhombic calculations with intermolecular TEDOR restraint lists. These two monomers (red) aligned 
by the central monomer overlaid with (a,c) the trigonal (2QMT, blue) and (b,d) the orthorhombic (2GI9, 
blue) X-ray crystal lattices.  
  
In both the calculation starting trigonal and orthorhombic the final structure agreed 
well with the trigonal crystal lattice. Figure 3.5 shows the agreement for two monomers 
most distinct between the orthorhombic and trigonal forms. Backbone RMSDs to the 
trigonal lattice are 4.1 ± 0.4 Å for the structure that started from the trigonal lattice 
(Figure 3.5a) and 4.7 ± 0.4 Å for the structure starting with the orthorhombic lattice 
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(Figure 3.5c). Conversely, backbone RMSDs to the orthorhombic lattice were 13.6 Å ± 
0.3 Å for the structure that started from the trigonal lattice (Figure 3.5b) and 15.8 Å ± 0.7 
Å for the structure starting with the orthorhombic lattice (Figure 3.5d). This 
demonstrates that the intermolecular TEDOR data is sufficient to differentiate between 
the trigonal and orthorhombic crystal lattices regardless of which lattice the calculation 
is initiated from.  
3.6	  De	  novo	  Determination	  of	  the	  GB1	  Crystal	  Lattice	  
 
 
Figure 3.6: The crystal packing of GB1 determined by simulated annealing of five GB1 
monomers with ambiguous intermolecular TEDOR restraints. 
The bbRMSD of the 10 lowest energy structures (a) is 0.42 ± 0.08 Å. Alignment of the region 
distinct to the trigonal lattice (b) yields a 2.9 ± 0.1 Å bbRMSD of the ensemble (red) to the 
2QMT crystal structure (blue).  
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Given the success of the intermolecular TEDOR restraints in annealing possible 
crystal forms to the correct trigonal lattice, we next attempted a de novo lattice 
determination. For this de novo annealing calculation five copies of the lowest energy 
model from the intramolecular TEDOR structure (2KQ4) were manually translated and 
rotated into a grid with four monomers in plane and one above them out of plane. VMD-
XPLOR15 (http://vmd-xplor.cit.nih.gov/) was used to create the initial conditions for the in 
silico annealing. All monomers were ~20 Å apart, and positioned in a rough array 
around the central GB1, corresponding to the four areas of intermolecular contact 
observed. The calculations proved to be relatively insensitive to starting conditions, 
converging to a similar structure from multiple starting orientations, with the only 
requirement being all monomers must be separated by an equal distance from the 
central monomer. Intermolecular restraints were first applied with internal coordinates of 
the monomers held constant, allowing the intermolecular TEDOR restraints to dock the 
peripheral monomers to the central monomer. If docking was successful, defined by a 
lack of VDW clashes and/or intercalated monomers, the structure was then refined. The 
resulting quaternary arrangements (Figure 3.6a) showed high precision (bbRMSD for all 
5 monomers of <0.5 Å) and accuracy (Figure 3.6b), with a 5 Å bbRMSD to the trigonal 
crystal structure (2QMT), but a bbRMSD of more than 13 Å from the orthorhombic 
structure (2GI9). Hence, this is a de novo recreation of the crystal lattice of GB1.  
3.7	  Conclusions	  
We have demonstrated that 3D Z-filtered TEDOR experiments, when performed on 
mixtures of isotopically labeled protein samples, report on site-specific intermolecular 
distance restraints. These data sets can be leveraged to perform rigorous structure 
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calculations of the protein interface. In the example demonstrated here, we have 
determined the packing arrangement of our nanocrystalline GB1 preparation to be 
consistent with the trigonal form as determined by X-ray diffraction. Therefore this 
represents an important proof of principle, in a case where the results can be directly 
compared with other structural information. We envision the application of this approach 
to determining the registry and quaternary arrangement of protein fibrils, which most 
often cannot be determined by diffraction methods. 
Table 3.1 Intermolecular TEDOR Correlations 
Residue/Atom  Residue/Atom  
Distance 
(Å) Degeneracy 
Manual 
Assignment 
1CE  31N  5 1 K31N-M1CE 
31N  1CE  5 1 K31N-M1CE 
20CB  31NZ  8 1 K31NZ-A20CB 
31NZ  20CB  8 1 K31NZ-A20CB 
1CB  31NZ  5 1 K31NZ-M1CB 
31NZ  1CB  5 1 K31NZ-M1CB 
1CE  31NZ  5 1 K31NZ-M1CE 
31NZ  1CE  5 1 K31NZ-M1CE 
21CG1  31NZ  5 1 K31NZ-V21CG1 
31NZ  21CG1  5 1 K31NZ-V21CG1 
12N  48CB  5 1 L12N-A48CB 
48CB  12N  5 1 L12N-A48CB 
1N  27CG  7 1 M1N-A27CG 
27CG  1N 7 1 M1N-A27CG 
1N  27CD  5 1 M1N-E27CD 
27CD  1N  5 1 M1N-E27CD 
11N  48CB  8 1 T11N-A48CB 
48CB  11N  8 1 T11N-A48CB 
12CD2  44N  7 1 T44N-L12CD2 
44N  12CD2  7 1 T44N-L12CD2 
20N  31CG or 31CG   7 2 A20N-K31CG 
31CG or 6CG1  20N  7 2 A20N-K31CG 
46N or 6N   12CD2  5 2 D46N-L12CD2 
12CD2  46N or 6N   5 2 D46N-L12CD2 
14N  44CG2 or 29CG1   5 2 G14N-T44CG2 
44CG2 or 29CG1  14N  5 2 G14N-T44CG2 
14N  43C or 26C   5 2 G14N-W43C 
43C or 26C  14N  5 2 G14N-W43C 
1CE  28N or 25N   5 2 K28N-M1CE 
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Table 3.1, continued 
Residue/Atom  Residue/Atom  
Distance 
(Å) Degeneracy 
Manual 
Assignment 
28N or 25N  1CE  5 2 K28N-M1CE 
12N  45C or 16C   5 2 L12N-Y45C 
45C or 16C  12N  5 2 L12N-Y45C 
1N  24CB or 23CB   8 2 M1N-A24CB 
24CB or 23CB  1N  8 2 M1N-A24CB 
12CD2  53N or 51N   7 2 T53N-L12CD2 
53N or 51N  12CD2  7 2 T53N-L12CD2 
15C  43N or 8N   8 2 W43N-E15C 
43N or 8N  15C  8 2 W43N-E15C 
46N  12CD1 or 7CD1 or 13CG   5 3 D46N-L12CD1 
12CD2  47N or 3N or 13N   5 3 D47N-L12CD2 
47N or 3N or 13N  12CD2  5 3 D47N-L12CD2 
31NZ  20C or 42C or 32C   7 3 K31NZ-A20C 
20C or 42C or 32C  31NZ  7 3 K31NZ-A20C 
44N  14C or 18C or 1C   5 3 T44N-G14C 
14C or 18C or 1C  44N  5 3 T44N-G14C 
44N  7CD1 or 13CG or 12CD1   5 3 T44N-L12CD1 
12CD1 or 7CD1 or 13CG  44N  5 3 T44N-L12CD1 
12CD2  45N or 30N or 54N   5 3 Y45N-L12CD2 
45N or 30N or 54N  12CD2  5 3 Y45N-L12CD2 
11CG2  45N or 30N or 54N   7 3 Y45N-T11CG2 
11CG2  45N or 30N or 54N   7 3 Y45N-T11CG2 
45N or 30N or 54N  11CG2  7 3 Y45N-T11CG2 
1CE  42N or 45N or 48N or 30N 7 4 F30N-M1CE 
45N or 30N or 42N or 48N  1CE  7 4 F30N-M1CE 
13N or 47N  45C or 16C   5 4 K13N-Y45C 
45C or 16C  13N or 47N   5 4 K13N-Y45C 
31NZ  21C or 3C or 40C or 2C 5 4 K31NZ-V21C 
21C or 3C or 2C or 40C  31NZ  5 4 K31NZ-V21C 
19N or 2N  24CB or 23CB   7 4 Q2N-A23CB 
24CB or 23CB  2N or 19N   8 4 Q2N-A23CB 
46N or 6N  12CD1 or 7CD1 or 13CG 5 6 D46N-L12CD1 
12CD1 or 7CD1 or 13CG  46N or 6N   5 6 D46N-L12CD1 
36CB or 8CB  32NE2 or 17N or 22N 7 6 Q32NE2-D36CB 
32NE2 or 17N or 22N  36CB or 8CB   7 6 Q32NE2-D36CB 
44CG2 or 29CG1  16N or 22N or 32NE2  7 6 T16N-T44CG2 
16N or 22N or 32NE2  44CG2 or 29CG1   7 6 T16N-T44CG2 
43N or 8N  14C or 18C or 1C 5 6 W43N-G14C 
14C or 18C or 1C  43N or 8N   5 6 W43N-G14C 
46N or 6N  
12CA or 47CA or 24CA or 
23CA 5 8 D46N-L12CA 
12CA or 47CA or 24CA or 
23CA  46N or 6N 5 8 D46N-L12CA 
44CG2 or 29CG1  15N or 32N or 36N or 10N 5 8 E15N-T44CG2 
15N or 32N or 36N or 10N  44CG2 or 29CG1 5 8 E15N-T44CG2 
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Table 3.1, continued 
Residue/Atom  Residue/Atom  
Distance 
(Å) Degeneracy 
Manual 
Assignment 
43C or 26C  15N or 32N or 36N or 10N 5 8 E15N-W43C 
15N or 32N or 36N or 10N  43C or 26C 5 8 E15N-W43C 
12CD1 or 7CD1 or 13CG  47N or 3N or 13N   7 9 D47N-L12CD1 
47N or 3N or 13N  12CD1 or 7CD1 or 13CG   7 9 D47N-L12CD1 
11C or 9C or 4C  47N or 3N or 13N   5 9 D47N-T11C 
47N or 3N or 13N  9C or 4C or 11C   5 9 D47N-T11C 
12CD1 or 7CD1 or 13CG  45N or 30N or 54N   5 9 Y45N-L12CD1 
45N or 30N or 54N  7CD1 or 13CGor 12CD1   5 9 Y45N-L12CD1 
47N or 3N or 13N  
12CA or 47CA or 24CA or 
23CA 5 12 D47N-L12CA 
12CA or 47CA or 24CA or 
23CA  47N or 3N or 13N 5 12 D47N-L12CA 
14C or 18C or 1C  42N or 45N or 48N or 30N 8 12 E42N-G14C 
45N or 30N or 42N or 48N  14C or 18C or 1C 8 12 E42N-G14C 
19C or 25C or 13C or 49C 
or 52C 45N or 30N or 54N  5 15 Y45N-K13C 
45N or 30N or 54N  
19C or 25C or 13C or 49C 
or 52C 5 15 Y45N-K13C 
12CA or 47CA or 24CA or 
23CA  45N or 30N or 42Nor 48N 5 16 A48N-L12CA 
45N or 30N or 42N or 48N  
12CA or 47CA or 24CAor 
23CA 5 16 A48N-L12CA 
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  4	  
Proton	  Detected	  SSNMR	  Spectroscopy	  of	  Alpha-­‐Synuclein	  Fibrils	  	  
 
 
4.1	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  and	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by proton detected solid-state NMR spectroscopy.” Zhou, D. H; Berthold, D. A; 
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4.2	  Introduction	  
Amyloid fibrils are the pathological hallmark of many neurodegenerative diseases 
including Alzheimer’s disease, Parkinson’s disease and dementia with Lewy bodies. 
The structural study of these protein aggregates by X-ray and solution NMR is limited by 
the fact they are insoluble and do not form detracting crystals. The study of amyloid 
fibrils by SSNMR has a long history starting with Abeta by the Tycko lab1, 2, transthyretin 
by the Griffin lab, human prion by Jaroniec3-5, Het-S by Meier 6, 7 and alpha-synuclein 
(AS) by our group and others 8-12 
Proton detection combined with 1H dilution and very-fast magic angle spinning 
(MAS) is an emerging area of SSNMR, which shows great promise for large gains in 
sensitivity versus heavy nuclei detection. Work in our lab as well as that done by the 
Reif group demonstrates that high quality 1H detected spectra of nanocrystalline 
proteins can be obtained.13, 14 Here we demonstrate that samples of uniformly 2H13C15N 
labeled AS fibrils give similar resolution and sensitivity to those observed for 
nanocrystalline proteins.  
4.3	  Methods	  
4.3.1 Sample Preparation 
For 2H13C15N AS expression, Escherichia coli BL21(DE3) cells were first grown in LB 
medium, then inoculated into a 1H2O-based M9 minimal medium supplemented with 
NH4Cl, glucose, BME vitamins, and yeast extract BioExpress (Cambridge Isotope 
Laboratory). The cells grew to a density of A600 of 1.65 and were diluted 10 fold in 
100% 2H2O based medium of identical composition but containing 2H,13C,15N-
BioExpress, 15NH4Cl, and 2H,13C-glucose. The cells again grew to a density of A600 of 
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1.7 and were diluted 10-fold into the same medium for a final concentration of ~99% 
2H2O. When the cells reached a density of A600 of 1.16, expression was induced with 
0.4 mM IPTG, and growth continued for 8 hours. The protein was purified according to 
reported protocol in 100% 1H2O buffer with a yield of 25 mg per 1 L of culture medium. 
Fibrils were prepared with seeding as previously reported15 in buffers of 100% 1H2O and 
25% 1H2O: 75% 2H2O.  
4.3.2 1H Detected Pulse Sequences 
 
Figure 4.1 1H Detected SSNMR sequences for chemical shift assignment and distance 
determination.  
(a) A NH 2D correlation sequence with MISSISSIPPI solvent suppression. (b) A CNH 3D 
correlation sequence with two optional C-C DREAM mixing periods and one optional proton-
proton mixing period.  
 
Pulse sequences for 1H detected SSNMR spectroscopy developed by Donghua 
Zhou et al.,13, 16, 17 are here expanded on to perform sequential chemical shift 
assignments (Donghua Zhou et al., unpublished results). Figure 4.1a presents a NH 2D 
correlation sequence with MISSISSIPPI solvent suppression,17 for use in accessing 
sample quality and resolution. Figure 4.1b presents an expanded 3D CNH sequence 
which can be used to determine 1H-1H correlations16 through the optional RFDR 
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period,18 and additionally provide CAcoNH, COcaNH and CBCANH 3D spectra for 
correlating backbone carbon chemical shifts to the amide proton-nitrogen pair through 
two option 13C-13C DREAM mixing periods.19  
The NH 2D sequence (Figure 4.1a ) begins with a homospoil pulse to suppress long 
T1 solvent signals, then proceeds to a proton to nitrogen cross polarization, followed by 
a constant time nitrogen evolution period with low power, XiX proton decoupling.20, 21 A 
second homospoil pulse is followed by xy-4 presaturation pulses on proton to suppress 
solvent signals after which a nitrogen to proton cross polarization period produces a 
proton coherence for detection.  
The CNH 3D sequence contains a similar solvent suppression regime with the 
addition of a carbon to nitrogen SPECIFIC CP22 to provide the third carbon dimension. 
Adiabatic DREAM mixing19 before the SPECIFIC-CP can provide CAcoNH or COcaNH 
type experiments to facilitate identification of CNH spin systems and CBCANH type 
experiments enable the observation of side chain carbon chemical shifts to assist in 
amino acid type identification.  
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4.4	  1H	  detected	  SSNMR	  of	  AS	  with	  100%	  Amide	  Protonation	  	  
 
Figure 4.2. 15N-1H proton detected 2D spectrum of AS fibrils.  
Spectrum acquired in 30 minutes with 19 ms of constant time 15N evolution. Sample prepared 
with 2H13C15N labeled AS monomer back exchanged during fibril formation with 100% 1H2O 
buffer. 
 
1H detected SSNMR experiments were performed on a 750 MHz Varian Inova 
spectrometer using a 1.6 mm FastMAS probe at MAS rates of 40 kHz. The CANH and 
CONH pulse sequences13 with MISSISSIPPI17 solvent suppression were employed. 
Samples of AS fibrils were prepared with uniform 2H13C15N labeling and the amide 1H 
sites back-exchanged with 1H2O. Sample quality was first accessed through the use of 
1H detected 1H-15N 2D spectra (Figure 4.2). These spectra allow the 1H linewidths and 
total signal intensity to be accessed before proceeding to three-dimensional 
experiments. This spectrum was acquired in 30 minutes on 400 nanomoles of AS, with 
19 ms of constant time 15N evolution and 50 ms of 1H acquisition. 1H linewidths for 
resolved peaks are 130 Hz, while 15N linewidths are 50 Hz. While approximately 12 
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sites are resolved, it is obviously not possible to obtain chemical shift assignment from 
the 2D HN. In order to gain site-specific information for these systems it is necessary to 
go to higher dimensional experiments. Therefore, CNH 3Ds were acquired.  
 
Figure 4.3. Backbone walk using six 1H detected CNH 3D experiments.  
Shown are the 1H-13C planes at the given 15N frequency for each residue listed. The 
complementary CANH (green) and CBCANH (red positive, blue negative) data sets are overlaid 
and displayed next to the overlay of the CAcoNH (green) and CBCAcoNH (red positive, blue 
negative) spectra. Similarly the CONH and COcaNH (b) are also shown. Dotted lines aid the 
eye in making the correlation between the preceding (CAcoNH etc.) and current residue 
(CANH)s. CANH and CONH 3D’s acquired in 18 hours each, CAcoNH in 38 hours, COcaNH in 
25 hours, CBCANH in 42 hours and CBCAcoNH in 63 hours.  
 
 The CANH and CONH 3Ds are not sufficient to define backbone connectivity for 
the sites where the 15N and 1H pair is not unique. In order to assign backbone chemical 
shifts of AS a complete suite of 1H detected experiments were acquired including 
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CAcoNH, COcaNH and CBCANH 3D’s. These experiments contain one or two 
additional polarization transfers than those presented in earlier work. In addition to a 1H-
13C CP period and a 13C-15N specific CP, 13C-13C DREAM mixing was used. The 
DREAM period is used for either CB-CA transfer, which provides side chain information 
to confirm amino acid type assignments, and CA-CO or CO-CA transfers, which enable 
the linking spin systems generated by CANH and CONH experiments. Using these 
experiments enabled the backbone walk for the core of AS fibrils residues 42 to 55 
(except for H50 and G51) and residues 63 to 97 that include the new regions assigned 
with our 13C-detected experiments.23 The backbone walk from G84 to V95 is shown in 
Figure 4.3. In Figure 4.3a the CAcoNH (green) and CBCAcoNH (red positive, blue 
negative) are overlaid in the first (third etc.) column while the CANH (green) and 
CBCANH (red positive, blue negative) are overlaid in the second (forth etc). These 13C-
1H planes are shown at the amide 15N frequencies listed. In Figure 4.3b the CONH (first, 
third, etc) and COcaNH (second, forth, etc.) 13C-1H planes are shown for the same 15N 
frequency. Matching carbon frequencies between one set of 15N and 1H frequencies in 
the intraresidue experiments (CANH, CBCANH, COcaNH) and another set of 15N and 
1H frequencies in the interresidue experiments (CAcoNH, CBCAcoNH, and CONH) are 
indicated by the dotted lines. The combination of the CAcoNH and the CANH paired 
with the COcaNH and CONH provide connectivity along the backbone for all sites 
assigned.  
However, these 4 experiments alone cannot provide site-specific assignments due 
to the difficulty in identifying any amino acid other than glycine by its CA and CO 
chemical shifts alone. Thus, the CBCANH and CBCAcoNH experiments that utilize 13C-
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13C DREAM mixing19 are needed. As can be seen in Figure 2, the CB of alanine 
residues, which appear as negative (blue) peaks around ~20 ppm, can be used to 
confidently identify those residues as Ala and Ser, respectively, allowing them to be 
placed in the primary sequence. Additionally, the CG2 of T92, appears as a positive 
(red) peak, in the same methyl region, confirming the residue as a Thr as two transfers 
are required to reach the CA. A full list of the backbone chemical shift assignments can 
be found in Table 4.1 at the end of the Chapter. These assignments agree with the 13C-
detection based assignments recently published by Gemma Comellas et al.23  
4.5	  1H-­‐Detection	  of	  Samples	  with	  25%	  Amide	  Protonation	  	  
 
Figure 4.4. NH 2D and NH 2D planes from the CONH 3D.  
NH 2D spectrum (a) acquired on the 25% 1H diluted sample prepared with 2H13C15N labeled AS 
monomer back exchanged with 25% 1H2O buffer. 3.4 hours of data with 19 ms of CT 15N 
evolution. Planes from the CONH 3D (b-d) taken on the 25% 1H diluted sample (blue) are 
overlaid with that taken on the 100% 1H sample (red). Labels in (a) indicate amide 1H 
assignments made from the 3D experiments while those in (b-d) indicate COi-1-Ni-HNi 
assignments. CONH acquired in 46 hours while the CANH (not shown) was acquired in 38 
hours.  
 
For many regions of the protein the 100% 1H2O back-exchanged U-2H13C15N fibrils 
provided sufficient resolution for a straightforward backbone walk. However, in some 
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regions the ~0.2 ppm 1H linewidths resulted in overlap in the CNH 3D’s. It has been 
shown that diluting the 1H bath by exchanging the amide 1H sites with less that 100% 
1H2O can further improve 1H linewidths.24 Thus, in order to alleviate degeneracy fibrils 
were grown in buffer consisting of 25% 1H2O and 75% 2H2O. This further decreased the 
number of 1H-1H couplings and resulted in narrower 1H linewidths of 0.05 to 0.1 ppm for 
the NH 2D shown in Figure 4.4a. Although this sample had lower absolute intensity than 
the fibrils back exchanged with 100% 1H2O, there was still sufficient sensitivity to 
acquire 3D CNH experiments. The benefit of the narrower 1H linewidths is extremely 
apparent in the 3D CNH experiments. Figure 4.4b-d demonstrates 13C planes from the 
CONH spectrum for the sample back exchanged with 100% 1H2O (red) and the sample 
back exchanged with 25% 1H2O (blue). The sharper 1H linewidths in the 25% sample 
enable peaks like G93 and G47 (Figure 4.4c) to be easily distinguished. In addition, 
peaks like E49 and V82, which are broad in the spectrum taken on the 100% 1H2O 
sample, are better defined in the spectrum taken on the 25% sample, which reduces 
ambiguity in the 1H chemical shift and increases confidence in assignments. This in turn 
significantly simplified the backbone walk procedures by reducing the number of 
possible pairings for each site. On the other hand T54, which is very weak in the 
spectrum taken on the 100% 1H2O sample (red, Figure 4.4d) does not appear in the 
spectrum taken on the 25% 1H2O sample. Additionally, the CNH 3D experiments with 
DREAM mixing are not sensitive enough to be practical on the 25% 1H2O sample. Thus 
both samples were needed to achieve all the assignments made.  
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4.6	  Structural	  Restraints	  from	  1H	  Detected	  Spectra	  
 
Figure 4.5. 1H-15N planes from a CANhH 3D with 8 ms of RFDR mixing. 
Peaks labeled with potential assignments, F1 1H assignments are ambiguous. Data acquired in 
38 hours on the 100% 1H2O sample.  
 
In addition to being a powerful tool for chemical shift assignments of small quantities, 
1H detected SSNMR also benefits from the high gyromagnetic ratio of 1H for long range 
1H-1H mixing.16 The ability to detect the 1H after 1H-1H mixing, without the need for an 
additional cross polarization back to a heavy nuclei, further enhances the sensitivity 
gains when compared to CHHC type sequences which have been used so effectively in 
previous structural studies.6, 25-27 3D CNhH spectra, with between 2 and 8 ms of RFDR 
mixing were acquired. These spectra exhibit many cross peaks to each amide proton 
site in AS. Because 1H linewidths in the 100% 1H2O sample are around 0.2 ppm there 
will be degeneracy in the final 1H dimension. However the first proton, which is labeled 
by a 13C and 15N chemical shift, can be unambiguously identified, so the ambiguity is 
only in the third dimension. Figure 4.5 shows 15N-1H planes from such a CANhH 3D with 
8 ms of RFDR mixing.28 In this figure peaks are labeled with hypothetical 1H 
assignments, however there are multiple possible assignments for the final 1H 
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frequency. In particular for AS fibrils cross sheet 1H-1H distances would be expected to 
be shorter than i±2 distances, and many of the peaks assigned here to those 
correlations may well be long-range interactions. Modern protein structure calculations 
can utilize these types of ambiguous data to determine which correlations are being 
observed.7, 25, 29 As such, we expect these data to provide valuable information for our 
ongoing structure determination efforts.  
We have demonstrated that there is no inherent barrier to the application of 1H-
detected pulse sequences to amyloid fibrils that show similar linewidths to those 
observed in nanocrystalline protein samples. We show that 3D CNH experiments 
enable the assignment of backbone 13C, 15N and 1HN chemical shifts. Dilution of the 1H 
bath through back-exchanging samples with 25% 1H2O provided an increase in 
resolution by further sharpening 1H linewidths, when compared to 100% 1H2O sample. 
Additionally, we also illustrate the detection of multiple 1H-1H distances in AS fibrils 
using 1H detection with RFRD mixing. 
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Table 4.1 1H, 13C and 15N chemical shift assignments of U-2H13C15N - back exchanged AS 
fibrils  
Residue 15N 1HN 13C’ 13CA 13CB 13CG 15NE2 1HE1/2 
S42 111.7 8.1 171.5 58.5 67.2    
K43 122.5 8.8 176.0 54.5 -    
T44 113.7 8.5 175.5 59.6 -    
K45 122.9 8.0 173.9 56.2 36.3    
E46 126.5 9.8 175.1 53.9 31.6    
G47 115.5 9.1 173.0 48.4     
V48 118.8 8.3 174.7 59.5 37.2    
V49 126.6 9.1 174.7 61.3 33.4    
V52 - - 174.9 60.8 -    
A53 132.4 9.5 175.9 49.9 20.9    
T54 121.4 9.5 - 61.6 -    
V55 126.5 9.5 174.3 61.0 -    
T59 122.6 8.8 - 67.0 -    
V63 -  175.2 61.0 -    
T64 126.5 9.6 172.7 62.2 -    
N65 125.3 9.6 172.9 51.7 42.7    
V66 127.2 9.5 178.1 60.7 -    
G67 111.3 9.2 172.9 46.4     
G68 102.4 6.5 172.6 43.2     
A69 126.7 8.8 175.5 50.2 22.8    
V70 120.7 8.9 174.8 59.9 35.1    
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Table 4.1, continued  
Residue 15N 1HN 13C’ 13CA 13CB 13CG 15NE2 1HE1/2 
V71 126.2 8.9 176.7 61.0 34.6    
T72 115.1 9.2 175.6 59.4 - 21.3   
G73 109.2 7.3 173.8 43.8     
V74 124.5 8.2 175.4 61.3 34.1    
T75 127.8 9.7 172.2 61.8 - 20.8   
A76 130.3 9.7 174.5 49.7 20.8    
V77 124.0 9.5 173.2 60.5 35.2    
A78 129.9 9.4 176.5 49.9 24.3    
Q79 120.3 9.5 176.8 52.4 32.5  111.0 6.6/8.7 
K80 123.1 8.8 176.2 60.3 31.6    
T81 113.5 9.5 173.8 61.0 - 21.9   
V82 126.0 9.0 175.0 61.4 33.2    
E83 125.9 9.0 175.4 53.6 33.2    
G84 112.5 8.8 173.8 44.8     
A85 130.9 9.3 179.5 53.1 17.9    
G86 110.8 9.2 174.0 46.5     
S87 115.9 7.9 173.7 58.7 64.4    
I88 121.6 8.5 175.8 60.0 39.8    
A89 129.3 9.1 177.2 54.8 18.1    
A90 123.2 8.9 174.9 51.2 20.4    
A91 127.4 9.5 175.8 49.5 22.4    
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Table 4.1, continued  
Residue 15N 1HN 13C’ 13CA 13CB 13CG 15NE2 1HE1/2 
T92 125.6 9.7 174.8 61.0 - 21.3   
G93 114.7 9.3 170.2 47.3     
F94 126.5 8.7 173.9 54.4 45.4    
V95 127.9 8.7 171.5 61.1 34.1    
K96 133.1 9.9 173.2 54.9 -    
K97 130.2 9.9 175.6 54.0 -    
 
4.7	  References	  
1. Petkova, A. T.; Leapman, R. D.; Guo, Z. H.; Yau, W. M.; Mattson, M. P.; Tycko, 
R., "Self-propagating, molecular-level polymorphism in Alzheimer's beta-amyloid fibrils." 
Science 2005, 307 (5707), 262-265. 
2. Paravastu, A. K.; Qahwash, I.; Leapman, R. D.; Meredith, S. C.; Tycko, R., 
"Seeded growth of beta-amyloid fibrils from Alzheimer's brain-derived fibrils produces a 
distinct fibril structure." Proc. Natl. Acad. Sci. U. S. A. 2009, 106 (18), 7443-7448. 
3. Jaroniec, C. P.; MacPhee, C. E.; Bajaj, V. S.; McMahon, M. T.; Dobson, C. M.; 
Griffin, R. G., "High-resolution molecular structure of a peptide in an amyloid fibril 
determined by magic angle spinning NMR spectroscopy." Proc. Natl. Acad. Sci. U. S. A. 
2004, 101 (3), 711-716. 
4. Helmus, J. J.; Surewicz, K.; Nadaud, P. S.; Surewicz, W. K.; Jaroniec, C. P., 
"Molecular conformation and dynamics of the Y145Stop variant of human prion protein." 
Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (17), 6284-6289. 
5. Helmus, J. J.; Surewicz, K.; Surewicz, W. K.; Jaroniec, C. P., "Conformational 
Flexibility of Y145Stop Human Prion Protein Amyloid Fibrils Probed by Solid-State 
Nuclear Magnetic Resonance Spectroscopy." J. Am. Chem. Soc. 2010, 132 (7), 2393-
2403. 
6. Wasmer, C.; Lange, A.; Van Melckebeke, H.; Siemer, A. B.; Riek, R.; Meier, B. 
H., "Amyloid fibrils of the HET-s(218-289) prion form a beta solenoid with a triangular 
hydrophobic core." Science 2008, 319 (5869), 1523-1526. 
7. Van Melckebeke, H.; Wasmer, C.; Lange, A.; Ab, E.; Loquet, A.; Bockmann, A.; 
Meier, B. H., "Atomic-resolution three-dimensional structure of HET-s(218-289) amyloid 
fibrils by solid-state NMR spectroscopy." J. Am. Chem. Soc. 2010, 132 (39), 13765-75. 
8. Heise, H.; Hoyer, W.; Becker, S.; Andronesi, O. C.; Riedel, D.; Baldus, M., 
"Molecular-level secondary structure, polymorphism, and dynamics of full-length alpha-
synuclein fibrils studied by solid-state NMR." Proc. Natl. Acad. Sci. USA 2005, 102 (44), 
15871-15876. 
 80 
9. Kloepper, K. D.; Hartman, K. L.; Ladror, D. T.; Rienstra, C. M., "Solid-state NMR 
spectroscopy reveals that water is nonessential to the core structure of alpha-synuclein 
fibrils." J. Phys. Chem. B 2007, 111 (47), 13353-13356. 
10. Kloepper, K. D.; Zhou, D. H.; Li, Y.; Winter, K. A.; George, J. M.; Rienstra, C. M., 
"Temperature-dependent sensitivity enhancement of solid-state NMR spectra of alpha-
synuclein fibrils." J. Biomol. NMR 2007, 39 (3), 197-211. 
11. Vilar, M.; Chou, H.-T.; Luhrs, T.; Samir, M.; Riek-Loher, D.; Verel, R.; Manning, 
G.; Stahlberg, H.; Riek, R., "The fold of alpha-synuclein fibrils." Proc. Natl. Acad. Sci. U. 
S. A. 2008, 105 (25), 8637-8642. 
12. Loquet, A.; Giller, K.; Becker, S.; Lange, A., "Supramolecular Interactions Probed 
by C-13-C-13 Solid-State NMR Spectroscopy." J. Am. Chem. Soc. 2010, 132 (43), 
15164-15166. 
13. Zhou, D. H.; Shah, G.; Cormos, M.; Mullen, C.; Sandoz, D.; Rienstra, C. M., 
"Proton-detected solid-state NMR spectroscopy of fully protonated proteins at 40 kHz 
magic-angle spinning." J. Am. Chem. Soc. 2007, 129 (38), 11791-11801. 
14. Linser, R.; Fink, U.; Reif, B., "Proton-detected scalar coupling based assignment 
strategies in MAS solid-state NMR spectroscopy applied to perdeuterated proteins." J. 
Magn. Reson. 2008, 193 (1), 89-93. 
15. Kloepper, K. D.; Woods, W. S.; Winter, K. A.; George, J. M.; Rienstra, C. M., 
"Preparation of alpha-synuclein fibrils for solid-state NMR: Expression, purification, and 
incubation of wild-type and mutant forms." Protein Expres. Purif. 2006, 48 (1), 112-117. 
16. Zhou, D. H.; Shea, J. J.; Nieuwkoop, A. J.; Franks, W. T.; Wylie, B. J.; Mullen, C.; 
Sandoz, D.; Rienstra, C. M., "Solid-state protein-structure determination with proton-
detected triple-resonance 3D magic-angle-spinning NMR spectroscopy." Angew. 
Chem., Int. Ed. 2007, 46 (44), 8380-8383. 
17. Zhou, D. H.; Rienstra, C. M., "High-performance solvent suppression for proton 
detected solid-state NMR." J. Magn. Reson. 2008, 192 (1), 167-172. 
18. Bennett, A. E.; Rienstra, C. M.; Griffiths, J. M.; Zhen, W. G.; Lansbury, P. T.; 
Griffin, R. G., "Homonuclear radio frequency-driven recoupling in rotating solids." J. 
Chem. Phys. 1998, 108 (22), 9463-9479. 
19. Verel, R.; Ernst, M.; Meier, B. H., "Adiabatic dipolar recoupling in solid-state 
NMR: the DREAM scheme." J. Magn. Reson. 2001, 150 (1), 81-99. 
20. Detken, A.; Hardy, E. H.; Ernst, M.; Meier, B. H., "Simple and efficient decoupling 
in magic-angle spinning solid- state NMR: the XiX scheme." Chem. Phys. Lett. 2002, 
356 (3-4), 298-304. 
21. Ernst, M.; Samoson, A.; Meier, B. H., "Low-power XiX decoupling in MAS NMR 
experiments." J. Magn. Reson. 2003, 163 (2), 332-339. 
22. Baldus, M.; Geurts, D. G.; Hediger, S.; Meier, B. H., "Efficient N-15-C-13 
polarization transfer by adiabatic-passage Hartmann-Hahn cross polarization." J. Magn. 
Reson. A 1996, 118 (1), 140-144. 
23. Comellas, G.; Lemkau, L. R.; Nieuwkoop, A. J.; Kloepper, K. D.; Ladror, D. T.; 
Ebisu, R.; Woods, W. S.; Lipton, A. S.; George, J. M.; Rienstra, C. M., "Structured 
Regions of alpha-Synuclein Fibrils Include the Early-Onset Parkinson's Disease 
Mutation Sites." J. Mol. Biol. 2011. 
24. Akbey, U.; Lange, S.; Franks, W. T.; Linser, R.; Rehbein, K.; Diehl, A.; van 
Rossum, B. J.; Reif, B.; Oschkinat, H., "Optimum levels of exchangeable protons in 
 81 
perdeuterated proteins for proton detection in MAS solid-state NMR spectroscopy." J. 
Biomol. NMR 2010, 46 (1), 67-73. 
25. Loquet, A.; Bardiaux, B.; Gardiennet, C.; Blanchet, C.; Baldus, M.; Nilges, M.; 
Malliavin, T.; Bockmann, A., "3D structure determination of the Crh protein from highly 
ambiguous solid-state NMR restraints." J. Am. Chem. Soc. 2008, 130 (11), 3579-3589. 
26. Franks, W. T.; Wylie, B. J.; Schmidt, H. L. F.; Nieuwkoop, A. J.; Mayrhofer, R. M.; 
Shah, G. J.; Graesser, D. T.; Rienstra, C. M., "Dipole tensor-based atomic-resolution 
structure determination of a nanocrystalline protein by solid-state NMR." Proc. Natl. 
Acad. Sci. U. S. A. 2008, 105 (12), 4621-4626. 
27. Jehle, S.; Rajagopal, P.; Bardiaux, B.; Markovic, S.; Kuhne, R.; Stout, J. R.; 
Higman, V. A.; Klevit, R. E.; van Rossum, B. J.; Oschkinat, H., "Solid-state NMR and 
SAXS studies provide a structural basis for the activation of alpha B-crystallin 
oligomers." Nat. Struct. Mol. Biol. 2010, 17 (9), 1037-U1. 
28. Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, S., "Chemical shift correlation 
spectroscopy in rotating solids: Radio-frequency dipolar recoupling and longitudinal 
exchange." J. Chem. Phys. 1992, 96, 8624-8627. 
29. Nieuwkoop, A. J.; Rienstra, C. M., "Supramolecular Protein Structure 
Determination by Site-Specific Long-Range Intermolecular Solid State NMR 
Spectroscopy." J. Am. Chem. Soc. 2010, 132 (22), 7570-+. 
 82 
Chapter	  5	  
Progress	  Towards	  the	  High-­‐Resolution	  Structure	  of	  Wild-­‐type	  Human	  
Alpha-­‐Synuclein	  Fibrils	  
5.1	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  and	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5.2	  Introduction	  
The protein alpha-synuclein (AS) is the primary proteinaceous component of Lewy 
bodies, which are the pathological hallmark of Parkinson’s disease (PD).3 Several point 
mutations of the AS gene are found to accelerate the onset of the disease in families 
with early onset PD.4-7 Nevertheless, patients with mutant forms of AS account for only 
a very small fraction of PD cases.8 Thus, the connections between AS and PD are not 
fully understood, and relatively little is known definitively about the functional role AS 
plays in normal dopaminergic neuron function, as well as the specific dysfunction of AS 
that initiates neurodegeneration. It even remains in debate whether AS fibrils are the 
cause or result of PD. Recent studies have indicated that cell-to-cell transmission of AS 
aggregates may play a role in the progression of PD,9 and that exogenous AS fibrils can 
seed the formation of Lewy-type inclusions in cultured cells.10  
To solve the structure of AS fibrils at atomic resolution would provide useful 
information in unraveling this mystery. AS fibrils are insoluble and do not form diffraction 
quality crystals, so the only route to atomic-resolution structural information is SSNMR. 
We have focused efforts on the wild-type (wt) human form of AS, and plan to examine 
changes in structure caused by mutations in order to understand the role these sites 
play structurally. 
As discussed in Chapter 1, much progress has been made in the field of fibril 
structure determination in the last few years. One example of a major success is the 
structure of the HET-s prion from Meier and co-workers.11 Notably, this 72-residue 
protein fragment is half the size of AS. To solve the structure of HET-s required 437 
experimental restraints for the ~40 structured residues, building from previous 
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assignment and secondary structure analysis from the same group.12 These studies 
illustrated the progression from low resolution model to full structure. The model was 
based only on secondary chemical shifts and signal intensities and reported the β-
solenoid motif but lacked information about intermolecular arrangements and did not 
define the inter-sheet packing arrangements, side-chain conformations, and hydrogen 
bonding patterns. Unambiguous intramolecular and intermolecular distance information 
proved critical for defining the HET-s structure and subsequently refining it to atomic 
resolution.13-15 Here I will present low-resolution models of AS, generated on the basis 
of secondary structure data (chemical shifts), and substantial quantities of SSNMR data 
acquired to restrain 13C-13C,15N-13C and 1H-1H distances. The distance information then 
is utilized to test the models. Unique agreement between the structural models and 
distance restraints will lead to an atomic resolution structure of AS fibrils.  
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5.3	  Structural	  Information	  from	  Other	  Sources	  
 
Figure 5.1: Transmission electron micrographs of wt AS fibrils. 
 A second scale bar indicates the 4 nm minimum width observed for these fibrils. EM data 
acquired by Gemma Comellas at the Frederick	   Seitz	   Materials	   Research	   Laboratory	   Central	  Facilities,	   University	   of	   Illinois	   at	   Urbana-­‐Champaign.	   Figure reproduced with permission from 
Comellas et al.2  
 
In order to frame a discussion of the atomic resolution structure of AS fibrils, it is 
important to consider the lower resolution information that is already available. Figure 
5.1 shows electron micrographs (EM) of wt AS fibrils fibrilized in a manner identical to 
SSNMR preparations,16 acquired by Gemma Comellas.2 The micrographs indicate that 
single strands of wt AS fibrils have a fibril width of about 4 to 4.5 nm and demonstrate a 
high degree of homogeneity and long-range order. UV absorption spectroscopy 
provides another low-resolution structural restraint; the absorption maximum of the 
backbone C=O band is sensitive to the hydrogen bonding environment of parallel or 
anti-parallel beta-sheets, and for wt AS fibrils these results support a composition of 
mostly parallel beta-sheets.17 Combining these results with the geometrical properties of 
beta-sheet peptides (a residue in beta-sheet secondary structure extends about 3.5 Å 
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along the peptide chain), we expect a beta-sheet of length between 11 and 13 residues, 
providing an important constraint for model building. 
One major challenge that arises in performing structural studies of any protein, and 
especially protein fibrils, is obtaining consistent batch-to-batch morphology. It is likely 
that there are several forms of AS fibrils, perhaps more than the number of groups 
studying them.18-21 Two other groups have presented chemical shift assignments,21, 22 
which differ substantially from those determined by our group (Comellas et al.,2). We 
attribute this to differences in the details of the fold depending on salt, temperature, 
incubation method and whether samples are seeded. Previous structural studies were 
not at sufficiently high resolution to identify these subtle differences, e.g., using site 
directed spin labeling23 or a combination of SSNMR and HD exchange data.20 These 
studies are consistent with the idea that residues ~30 to 100 form the structured core of 
the fibrils, but are not sufficiently high resolution to be compared directly with our 
outcomes. Given the high degree of structural polymorphism observed in the AS fibrils 
of others,22 and fibrils in general24–due to factors such as buffer composition and 
agitation–and the fact that no other group utilizes the protocol developed by Kloepper to 
specifically avoid such sample to sample variation,16 we must consider the structure of 
wt AS fibrils investigated here separately from the data presented by others.  
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5.4	  Initial	  Models	  of	  AS	  Fibrils	  	  
 
Figure 5.2: TALOS+ results from the chemical shifts of wild type human AS.  
Site specific chemical shifts2 were used to predict a) backbone dihedral angles, b) order 
parameters and c) secondary structure (sheet thick arrows, loops solid line, no prediction dotted 
lines) using the program TALOS+.25 Figure reproduced with permission from Comellas et al.2  
 
Semi-empirical relationships between secondary chemical shifts and secondary 
structure (via the program TALOS+25) allowed us to construct a model consisting of the 
location of beta-strands with respect to the sequence (Figure 5.2). The TALOS+ results 
indicate well-structured regions in AS fibrils from residues 31 to 100, with several 
flexible loops. A motif of 12-residue strands, connected by a short loop to a ~5-residue 
strand, is repeated (once between residues 37 and 55 and again from residues 67 to 
85).2 The 12-residue strand length is consistent with the 11- to 13-residue fibril width 
determined by EM and UV data, and therefore it factors heavily in early models of the 
fibril structure.  
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Figure 5.3: Models of the structure of wt AS fibrils. 
Two models of the AS fibril structure one (a) based on a beta-solenoid and the other (b) based 
on a beta-serpentine fold. Three monomers (residues 29 to 100) of AS are shown for each. The 
beta-solenoid model is show with the axis of fibril propagation, indicated by the arrow, running 
parallel to the page, while the beta-serpentine model is shown with the axis of propagation 
coming out of the page. 
 
EM, UV and TALOS+ data together are not sufficient at this stage to differentiate 
between the two most likely fibril topologies. This is illustrated in Figure 5.3 where two 
AS fibril models consistent with the TALOS results and a 4.5 nm fibril width consisting of 
parallel beta-sheets are shown. They differ primarily in that Figure 5.3a is a beta-
solenoid and Figure 5.3b is a beta-serpentine structure. In a beta-solenoid, each AS 
monomer forms two layers of the fibril by forming an intramolecular helical arrangement 
(a beta-helix), with both inter- and intra-molecular beta-sheets with an i to i+30±1 
registry (e.g., residue 37 is near residue 67). In the beta-serpentine, all beta-sheets are 
formed of strands from different molecules (i.e., an intermolecular beta-sheet) and are 
parallel and in register. Standard EM measurements are unable to distinguish between 
these two models, but using more precise scanning tunneling EM (STEM) methods may 
provide the mass per length (MPL); such studies are ongoing (Comellas et al., 
unpublished).  
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5.5	  Survey	  of	  Experimental	  SSNMR	  Structural	  Data	  	  
We proceeded to collect a variety of internuclear distance information with 2D and 
3D SSNMR experiments (Table 5.1). Experiments performed with undiluted samples 
yield both intra- and inter-molecular distance restraints, and provide the highest 
experimental sensitivity. Experiments performed with diluted samples focus primarily on 
the intramolecular distances, and experiments performed with mixtures of differently 
labeled samples highlight intermolecular contacts. Intermolecular SSNMR experiments 
would show either characteristic i to i+/-29/30 or i to i+/-1 cross peaks.  
Table 5.1: SSNMR experiments for distance restraints  
Experiment 
Number 
of Dims. 
Mixing 
Scheme 
Labeling 
Pattern# 
Mixing 
Time 
Acq. 
Time 
(hours) 
Field 
(MHz) 
Distance 
Type 
CC 2D DARR26 U13C,15N dil. 400 ms 93 750 Intra 
CC 2D DARR 2-gly dil. 400 ms 144 750 Intra 
CC 2D DARR 2-gly 400 ms 78 750 Both 
CC 2D DARR 2-gly 500 ms 56 900 Both 
CC 2D DARR 1,3-gly 500 ms 42 900 Both 
CC 2D DARR U13C,15N 250 ms 34 900 Both 
CC 2D DARR 1,3-gly 500 ms 107 750 Both 
CC 2D DARR 1,3-gly 250 ms 107 750 Both 
NCACX 3D DARR U13C,15N 400 ms 280 750 Both 
NCACX 3D DARR 2-gly 500 ms 115 600 Both 
NCOCX 3D DARR 2-gly 250 ms 77 600 Both 
NCOCX 3D DARR 1,3-gly 250 ms 134 600 Both 
CC 2D ChhC27 U13C,15N 150 us 172 600 Both 
CC 2D ChhC U13C,15N 300 us 71 600 Both 
CC 2D ChhC U13C,15N 450 us 197 600 Both 
CC 2D ChhC U13C,15N dil.  180 us 240 750 Intra 
CC 2D ChhC U13C,15N 180 us 106 750 Both 
NC 2D NhhC27 U13C,15N 180 us 196 500 Both 
NC 2D NhhC U13C,15N dil.  180 us 194 500 Intra 
NC 2D NhhC Mixed 2-gly 180 us 112 500 Inter 
NC 2D TEDOR28 1,3-gly 
1.44 to 
14.4 ms 145 500 Both 
NC 2D TEDOR 2-gly 
1.44 to 
14.4 ms 198 500 Both 
NC 2D TEDOR Mixed 1,3-gly 
5.66 to 
14.4 ms 154 500 Inter 
NC 2D TEDOR Mixed 2-gly 14.4 ms 120 500 Inter 
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Table 5.1, continued  
Experiment 
Number 
of Dims. 
Mixing 
Scheme 
Labeling 
Pattern# 
Mixing 
Time 
Acq. 
Time 
(hours) 
Field 
(MHz) 
Distance 
Type 
CANhH 3D RFDR29 CDN  8 ms 38 750 Both 
CANhH 3D RFDR CDN  6 ms 36 750 Both 
CONhH 3D RFDR CDN  6 ms 18 750 Both 
NhH 2D RFDR CDN  6 ms 7 750 Both 
#Labeling Pattern Key: U13C,15N: Uniformly 13C, 15N; U13C,15N dil. : Uniformly 13C, 15N diluted 1:3 in n.a.; 
1,3-gly: 1,3-13C-glycerol, 15N; 2-gly: 2-13C-glycerol, 15N; Mixed 1,3-gly : 50:50 1,3-13C-glycerol, n.a. 
nitrogen: n.a. carbon, 15N ; Mixed 2-gly: 50:50 2-13C-glycerol, n.a. nitrogen: n.a. carbon, 15N ; CDN: 
13C2H15N labeled back exchanged with 100% 1H2O. 
 
In order to determine the structure of AS fibrils to more precision than the models 
just presented, large amounts of SSNMR data will be needed. Table 5.1 presents a list 
of the several months of SSNMR experiments acquired on wt AS fibrils for the purpose 
of determining distance restraints, in collaboration with Gemma Comellas, using 500, 
600, 750 MHz spectrometers at UIUC as well as the 900 MHz spectrometer at Pacific 
Northwest National Laboratories in Richland, WA. As noted above, some samples were 
uniformly enriched in 13C, 15N and/or 2H and undiluted. A second set was uniformly 
enriched and diluted in natural abundance protein. A third set of samples was 
isotopically mixed, typically with 15N enriched protein was mixed 50:50 with 13C enriched 
protein, to yield primarily intermolecular correlations. As discussed by Van Melckebeke 
et al.,15 while a majority of the correlations used in a fibril structure calculation can come 
from uniformly enriched samples, without diluted and mixed samples it will be 
impossible to determine inter- from intramolecular contacts. In addition, while the higher 
sensitivity of 2D spectra give the highest probability of observing long-range 
correlations, the added resolution provided by 3D experiments is also necessary to 
ensure a sufficient number of unambiguous correlations. 
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Figure 5.4: Carbon-carbon 2D spectrum of 1,3-13C-glycerol labeled wt AS. 
Spectrum acquired at 900 MHz 1H-frequency with 500 ms of DARR mixing.  
 
Among the classes of experiments listed in Table 5.1, the most numerous are the 
carbon-carbon 2D spectra. As discussed in Chapter 1, this homonuclear correlation 
experiment is perhaps the highest sensitivity and most robust method for detecting 
inter-residue correlations. When this experiment is applied to samples with the 1,3-13C 
and 2-13C-glycerol labeling scheme, spectral sensitivity and resolution are further 
enhanced (but elimination of most one-bond 13C-13C scalar couplings) and provide a 
preponderance of interresidue and long-range distance restraints.13 Figure 5.4 shows a 
carbon-carbon 2D with 500 ms of DARR mixing on a sample of 1,3-13C-glycerol labeled 
AS acquired at 900 MHz at Pacific Northwest National Laboratories. Individual peak 
linewidths are ~0.3 ppm, due to the glycerol labeling and high magnetic field. 
Furthermore, due to the long 13C-13C mixing period of 500 ms, many correlations can be 
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observed to each carbon site. For example, at F1=18.5 ppm the Ala89 CB site shows 
correlations to at least 6 carbonyl and at least a dozen aliphatic carbons in the F2 
dimension. However, in regions of the spectrum where multiple carbons are overlapped, 
for example between 20 and 24 ppm, individual peaks are rarely resolved. Despite this 
limitation, carbon-carbon 2D spectra of this and other samples provide a large number 
of distance restraints for structure calculations. 
 
Figure 5.5: Carbon-carbon planes from a 3D CANCX spectrum.  
2D planes at the 15N frequencies of (a) 120.4 and (b) 126.3 ppm, from a CANCX 3D spectrum 
with 500ms of DARR mixing acquired on a 600 MHz 1H-frequency spectrometer with a uniformly 
13C,15N labeled sample. 
 
We also performed 3D versions of this experiment, using a 15N dimension to 
increase the percentage of signals with uniquely resolved long-range correlations. 
Through the use of SPECFIC-CP30 to obtain selective N-CA or N-C’ transfers, a NCACX 
or NCOCX type experiment can be performed. While utilized extensively at shorter 
mixing times for sequential backbone assignments,31 in this context the 15N dimension 
is utilized to provide resolution of carbon-carbon correlations. For example, in Figure 5.5 
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the peaks clustered around 61 ppm (ω2) and 50 ppm (ω3) would be overlapped in a 
carbon-carbon 2D. However, by frequency labeling the 15N frequencies they are 
resolved. In this manner, many long-range carbon-carbon correlations can be resolved 
despite the relative lack of 13C chemical shift dispersion in AS. 
 
Figure 5.6: 2D ZF-TEDOR plane of glycerol labeled AS fibrils.  
TEDOR planes acquired with 14.4 ms of 15N-13C mixing at 500 MHz on (a) 2-13C-glycerol, 
uniform 15N labeled and (b) 1,3-13C-glycerol, uniform 15N labeled AS samples. 
 
The 3D ZF-TEDOR pulse sequence can also provide long-range distance 
information as discussed in depth in Chapter 2. 2D TEDOR planes were acquired on 
glycerol labeled wt AS samples. Figure 5.6a shows the spectrum of a 2-13C-glycerol 
labeled sample while Figure 5.6b shows the spectrum of a 1,3-13C-glycerol labeled 
sample. Both spectra were acquired with 14.4 ms of 15N-13C mixing, the longest TEDOR 
mixing time acquired on these samples. In comparison to the TEDOR spectra of GB1 
(Chapter 2, Figure 2.5) at this mixing time there are significantly fewer correlations 
observed in AS. While part of this is due to the lower signal to noise ratio of these AS 
spectra, the topology of the AS fibrils is likely also a factor. The sensitivity of these 
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spectra is not sufficient to see the ~8 Å distances observed in GB1, but 4 to 5 Å 
distances should be observable. We attribute the smaller number of long-range 
correlations here to the parallel in registry structure that is likely to be present; in this 
geometry, the closest amino acid residue in the neighboring molecule is the same as 
that present at the originating residue. Thus, the source and destination residues in the 
polarization transfer event have identical chemical shifts. The fact that the cross-sheet 
partners have the same chemical shifts as the inter-residue and sequential peaks 
observed at short TEDOR mixing time indicates a parallel, in-register intermolecular 
arraignment of AS monomers.  
5.6	  Test	  of	  the	  Intermolecular	  Parallel	  Registry	  
To test whether AS fibrils are in a parallel registry, we performed intermolecular 
TEDOR experiments as discussed in Chapter 3. Experiments were performed using 
several isotopic labeling patterns, following the logic introduced in the previous section.  
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Figure 5.7: 2D TEDOR plans of wt AS fibrils.  
2D planes from (a) uniformly 1,3-13C glycerol 15N labeled and (b) 50:50 1,3-13C glycerol, natural 
abundance (n.a.) nitrogen: n.a. carbon, 15N labeled AS and (c) uniformly 2-13C glycerol 15N 
labeled and (d) 50:50 2-13C glycerol, n.a. nitrogen: n.a. carbon, 15N labeled AS. TEDOR mixing 
times of (a,c) 5.76 ms and (b,d) 14.4 ms were chosen to maximize sequential, and long-range 
correlations respectively.  
 
TEDOR experiments with 14.4 ms of NC mixing on mixed labeled samples yielded 
2D planes (Figure 5.7 b,d) with remarkably similar appearance to those of undiluted AS 
with 5.76 ms of mixing (Figure 5.7 a,c). At 500 MHz and 11.111 KHz spinning a TEDOR 
mixing time of 14.4 ms will yield long-range correlations, while 5.76 ms mixing will yield 
the strongest 2 to 3 Å correlations. Therefore the similarity of these spectra supports the 
hypothesis that a majority of residues are within parallel in-register beta-sheets, where 
the cross-sheet, intermolecular contacts would have identical chemical shifts to the 
sequential correlations. Due to the partial degeneracy of the amide 15N chemical shifts, 
and the small chemical shift dispersion of the C’, CA and Cmethyl 13C signals, the 
majority of cross peaks in such a 2D spectrum have ambiguous assignments. Among 
the uniquely resolved and unambiguously assigned cross peaks, A89N-CA and A85N-
CA (Figure 5.7a,b) as well as A85N-CB and V74N-CG2, (Figure 5.7c,d) are consistent 
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with a parallel, in-register arrangement of AS. Many other peaks are ambiguous but 
could include a sequential assignment. Some peaks are notably missing, including 
A78N-CB and A89N-CB indicating these side chains many be interacting more closely 
with intramolecular contacts.  
5.7	   Semi-­‐Automated	   Construction	   of	   High-­‐Resolution	   Models	   with	   Distance	  
Geometry	  and	  Simulated	  Annealing	  	  
 
 
Figure 5.8: Two beta-serpentine models of AS 
(a) Beta-serpentine model 1 satisfies the 4.5 Å width requirements while (b) beta-serpentine 
model 2 more closely follows the 12-residue motif observed in the SSNMR data.  
 
The AS fibril models shown in Figure 5.8 were constructed with X-PLOR-NIH32 from 
a combination of experimental and hypothetical data, (a) the beta-serpentine model 
shown in Figure 5.3 as well as (b) a second beta-serpentine model which adheres more 
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literally to the 12 residue – 5 residue beta-sheet motif. In addition to the regular bond 
and angle energies, dihedral restraints from TALOS+ and intermolecular distances 
based on a parallel in-register beta sheet interpretation of the intermolecular TEDOR 
experiments were included. The locations of turns and sheets were based on the 
TALOS+ data and EM and possible alignments of the sheets were considered.  
 
Figure 5.9: 2D 13C-13C DARR spectrum of diluted wt AS. 
Sequential correlations are labeled in black while long-range correlations are in red.  
 
For the first beta-serpentine model, two sets of correlations observed in the diluted 
13C-13C correlation spectra shown in Figure 5.9 were utilized as anchors for the beta-
sheets. Because this sample of AS was fibrilized from a 1:3 mixture of uniformly 13C,15N 
labeled AS and n.a. AS, intermolecular correlations are greatly attenuated and peaks 
observed are assumed to be intramolecular. The first set consists of correlations 
between the completely resolved G93C’, to the C’ and CB carbons of A69 (a G93CA-
A69CB peak exists as well but is not shown). The second is the interaction between the 
well-resolved CD of E46 to the side chain of K58. Both sets of residues are colored red 
in Figure 5.8. These two sets of correlations help to propose an alignment of sheets that 
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correlate with the 12-residue motif and match the EM width. From these alignments 
hypothetical intramolecular CA-CA distances were generated. Finally, each monomer 
was forced to be identical by a pairwise non-crystallographic symmetry restraint. In later 
calculations, ambiguously assigned intramolecular data taken from CC and CNhH data 
sets, discussed in Chapter 4, were also applied. Consistent with the non-
crystallographic symmetry, the ambiguity refers to an uncertainty about which amino 
acid residue is observed, not the chain. The requirement that each sheet be ~12 
residues long matched nicely with the 12 residue sheet segments observed in the 
TALOS+, yet necessitated that one of the 5 residue sheet – loop – 5 residue sheet 
segments be utilized as a kinked ~12 residue sheet segment. This segment, centered 
on the loop at K60, is thus suspect. One solution for this discrepancy is beta-serpentine 
model 2 (Figure 5.8b), which extends the 2nd and 3rd sheets with out to residue 60, thus 
more faithfully reproducing the TALOS+ results at the expense of a monomer slightly 
longer than expected from EM data. Correlations from A69 to G93 are preserved in this 
model, while E46 to K58 correlations are not. One potential explanation for this would 
be that E46 could be interacting with one of the lysine residues in the N-terminal 
domain, although correlations to the most likely candidate, neighboring K45, appear 
only at the CB and CA positions.  
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Figure 5.10: Initial structures in AS model production. 
 (a) The initial conditions for structure calculations show 5 AS monomers (residues 29 to 100) 
separated by ~20 Å. (b) Calculations performed with only intermolecular distance restraints and 
TALOS are an intermediate to other beta-serpentine structures.  
 
The initial condition for the calculations consisted of 5 AS monomers (residues 29 to 
100) in a loose extended structure and is shown in Figure 5.10a. The monomers were 
arranged in parallel separated by about 20 Å. Intermolecular restraints were applied to 
each neighbor (A to B, B to C, C to D etc) and dihedrals and intramolecular distances 
repeated for each monomer. Because the intermolecular restraints enforce a parallel in-
register orientation, and the starting condition is very favorable to that outcome; 
convergence of the intermolecular packing was good. Control calculations without 
intramolecular restraints demonstrated that the intermolecular beta-sheets form with just 
the TALOS+ and dihedral restraints as shown in Figure 5.10b. As a result, any set of 
self-consistent intramolecular distances allowed for a particular beta-serpentine fold to 
be modeled. Once models are constructed, the inclusion of experimental data in the 
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calculation allows a model to be tested against ambiguous distances based on SSNMR 
data.  
5.8	  Fully	  Automated	  De	  Novo	  PASD	  Calculations	  of	  AS	  Fibrils	  
A major problem with semi-automated model building of fibril structures became 
apparent in the course of constructing many different beta-serpentine models of AS: 
ambiguous intramolecular distances were not sufficient to resolve the differences 
among the potential models. We attribute this to the highly repetitive sequence of AS, in 
combination with a high degree of chemical shift degeneracy. Thus, despite a large 
quantity of high quality experimental data, the distance restraints were unable to 
distinguish among several plausible beta-serpentine folds. One shortcoming of the 
XPLOR-NIH ambiguous distance feature complicated the computation of structures: 
XPLOR-NIH utilizes a potential function in which all restraints are always active and a 
given restraint is satisfied if any of the possible assignments are satisfied. In order to 
effectively sample all the possible assignments, it was therefore necessary to utilize 
more advanced methods. The PASD algorithm33 within X-PLOR-NIH addresses this 
issue by using a Monte Carlo assignment strategy to assign unassigned peaks in NOE 
data sets of proteins with known chemical shift assignments. PASD checks the 
likelihood of a given peak assignment against intermediate structures, activating and 
deactivating NOEs using a Monte Carlo algorithm to avoid local minimums in 
conformational space. After each iteration of the structure calculation, a peak is given a 
potential assignment and a probability that assignment is correct. Additional runs can be 
performed until as many peaks as possible have confident assignments. At the 
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conclusion of the PASD calculation phase, peak lists can be converted to standard 
format XPLOR distance restraints and used further XPLOR calculations.  
The first PASD calculation I performed included the intermolecular TEDOR, TALOS+ 
dihedrals and peak lists from diluted CC 2D, to be matched to the chemical shift lists 
generated by Comellas et. al.2 These 2D spectra (one example shown in Figure 5.9) 
were acquired on the 750 MHz wide bore with 400 ms of DARR mixing on samples of 
U-13C and 2-13C-glycerol AS, diluted 1:3 in n.a. AS prior to fibrilization. As such, all 
intermolecular peaks were attenuated by a factor of 4 relative to the intramolecular 
peaks, giving reasonable confidence the weak long-range peaks observed were 
intramolecular correlations. The PASD algorithm is also capable of dealing with 
spurious peaks, either due to noise or intermolecular contacts or experimental artifacts. 
I therefore included all of the peaks in the CC 2D spectra as intramolecular correlations 
with which the PASD was performed. In collaboration with Dr. Charles Schwieters (NIH) 
and Dr. Ming Tang (UIUC), the PASD routines were modified for solid state NMR data 
sets. The modifications focused on optimizing chemical shift guessing windows, to 
match the solids linewidths, and, for later calculations, connectivity maps were updated 
to allow for 3D experiments with NCC dimensions, rather than the CNH, CHH or NHH 
type 3D spectra more commonly used in solution. Guessing windows were adjusted in 
order to produce assignment guesses for ~75% of peaks with the wide window and 
~50% for the tighter window, mimicking the percentages characteristic of successful 
solution NMR PASD runs. This was achieved with a wide window of 0.4 ppm and a tight 
window of 0.2 ppm, relative to an experimental linewidth of 0.3 ppm.  
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Figure 5.11 Restraints determined through unguided PASD on the AS 5mer.  
Distance restraints from diluted CC 2D spectra determined through PASD passes with no 
additional intramolecular restraints. 
 
To improve the convergence properties of the PASD calculations, the protocol was 
modified further. Instead of employing only a single Monte Carlo pass, multiple 
iterations were performed. Following the initial matching iteration, during which the 
potential assignments for each peak were determined, the Monte Carlo pass was run 
several times, producing after each run a list of likely assignments and probabilities for 
each peak. By completing several iterations of the Monte Carlo process, peak 
assignment likelihoods increased and a final set of restraints was obtained. The 
distance restraints resulting from this round of calculations consisted entirely of 
sequential correlations, which can be seen in Figure 5.11 displayed on beta-serpentine 
model 1 for ease of viewing. The strongest peaks in the 2D’s are certainly these 
sequential peaks, due to proximity in space, and are the easiest for the PASD algorithm 
to identify unambiguously. This result leaves two main possibilities: either there may be 
no long-range peaks in these data sets or the long-range peaks may be too degenerate 
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to allow for convergence. Given our experience with the distance ranges observed in 
DARR mixing spectra the former is unlikely,13 so the latter possibility was tested further.  
5.9	  Validation	  of	  Models	  through	  PASD	  Assisted	  Peak	  Assignment	  
 
Figure 5.12: Restraints determined through guided PASD calculations.  
Distances extracted from diluted CC spectra with restraints enforcing (a) beta-serpentine model 
1 and (b) beta-serpentine model 2.  
 
In order to test whether the lack of long-range correlations determined by PASD was 
due to insufficient convergence issues, two sets of calculations were performed. The 
first started with the two beta-serpentine models and was performed with the same 
restraints as the initial PASD calculations. The second started with the models and 
included hypothetical restraints to drive the formation of model structures as described 
in Section 5.6. The results from the first set of calculations were basically 
indistinguishable from the calculations described in the previous section (Section 5.7, 
Figure 5.11). In contrast, the second set of calculations—performed with the 
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hypothetical restraints to aid convergence—showed dramatically different results. As 
illustrated in Figure 5.7a, following successive runs with the hypothetical restraints, 
PASD was able to converge on a set of long-range peaks in the 13C-13C 2D data that 
agreed with beta-serpentine model 1. Unfortunately this was also true for the similar 
beta-serpentine model 2, as shown in Figure 5.12b. The conclusion from these sets of 
PASD calculations is that the 13C-13C 2D data alone are too degenerate to distinguish 
between the beta-serpentine models, let alone converge to one structure de novo.  
The next step therefore was to include 3D experimental data in a manner suitable for 
PASD computations. 3D experiments were performed as described in Sections 5.2 and 
4.5. Two classes of 3D distance experiments were most useful for determination of 
long-range distances in wt AS fibrils: NCC 3D spectra with 13C-13C DARR mixing 
between the second and third dimension, and CNhH 3D spectra with 1H-1H RFDR 
mixing (also between the second and third dimension). The 3D NCC experiment was 
performed with high digitization and signal averaging: an NCACX 3D acquired at 600 
MHz on a U-15N, 2-13C-glycerol labeled AS sample with 500 ms of DARR mixing 
(averaged for 5 days), while the CNhH was a CANhH with 8 ms of RFDR mixing 
acquired at 750 MHz on a U-13C2H15N labeled AS sample with the amide sites back-
exchanged with 100% 1H2O. In both cases, the CA region was used for chemical shift 
resolution since it provides larger dispersion than the CO region. In the 2D NCA plane 
inherent to both experiments, approximately two thirds of the peaks are uniquely 
resolved. In each experiment, there are two chemical shift dimensions prior to the 
mixing (the NCA or CAN plane) digitized in the indirect dimension, and one chemical 
shift dimension after the mixing digitized in the direct dimension. For a 3D, this is the 
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optimal situation as the two chemical shift dimensions help counter any degeneracy due 
to broadening that may result from shorter acquisition in the indirect dimensions. We 
modified PASD, from the default parameters used for solution NMR 3D HMQC-NOESY 
experiments, to accommodate NCC and CNhH 3D experiments; as noted above, this 
required modification of the linewidth parameters as well as naming conventions and 
other bookkeeping procedures. PASD calculations were again performed with the 
intermolecular TEDOR and TALOS+ dihedral angles, along with the standard energies 
and NCS symmetry restraints. The results of these calculations again showed that even 
with 3D data, our ambiguity was still too high to allow for convergence. This is likely 
because resolution of the peaks is limited by the single chemical shift in the direct 
dimension, in direct analogy to the 2D CC data sets analyzed first. While there are 
some sites resolved in one dimension in both a 2-13C glycerol 13C carbon 1D spectrum 
and a 1H 1D spectrum, apparently these do not provide sufficient unambiguous 
distances to push the system to convergence.  
5.10	  Ongoing	  Experiments	  and	  Calculations	  
The remaining requirement to converge to a single fold of the monomer is to identify 
unambiguous, unique long-range distances. Two promising solutions to this issue have 
been presented in the literature. The first accomplishes the resolution of long-range 
distances through the use of Cys point mutations, followed by the addition of 
paramagnetic labels.34 The second through the use of 1H detected 4D experiments.35 In 
the paramagnetic relaxation enhancement (PRE) experiments, the position of the 
paramagnetic is known with good precision, since only one residue is modified to Cys 
(AS has no Cys residues in its native sequence), and the modified sidechain has few 
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degrees of freedom. The nuclei in proximity to the spin label can be identified with 2D or 
3D experiments, in most cases identifying sites uniquely as a result of previously 
determined chemical shift assignments. The distance from the spin label to the nucleus 
is evident in enhanced relaxation. Large transverse PREs for nuclei within ~10 Å of the 
spin label are observed qualitatively, in that peaks are not observed at all in a 
paramagnetic sample relative to a diamagnetic control. Smaller PREs are measured by 
a quantitative determination of the T1 relaxation in 2D or 3D experiments conducted 
both on the diamagnetic and paramagnetic samples. These experiments are ongoing in 
collaboration with Marcus Tuttle.  
For the 4D proton detected experiments, resolution is achieved by the addition of the 
fourth chemical shift dimension, an HXhhXH 4D experiment35 consists of two, 2D HX 
planes, with a 1H-1H RFDR or DREAM type mixing period in between. While in principle 
any 3D distance determination experiment could add a fourth dimension, the increased 
sensitivity proton detected experiments, due to the high 1H gyromagnectic ratio and fast 
recycle delays discussed in Chapter 4, are a promising option. We have prepared 
suitably labeled samples of AS fibrils to conduct the 4D experiment, and further 
experiments are ongoing at 750 MHz. 
5.11	  Conclusions	  
Enormous progress has been made towards determining the structure of wt AS 
fibrils. Complete chemical shift assignments provided a detailed look at the secondary 
structure of the fibrils and formed the basis for several plausible models of the structure. 
These models were tested against distance restraints obtained from uniformly labeled 
samples for maximum sensitivity and diluted samples optimized for either intermolecular 
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or intramolecular information. To help counter the high degree of degeneracy in AS 
spectra, glycerol based 13C-labeling schemes and 3D NMR pulse sequences were 
employed. In addition, the PASD algorithm from XPLOR-NIH was used to help extract 
distances from ambitious restraints. To refine our structural models to atomic resolution 
will require further unambiguous distance information, which PRE and 4D may be able 
to provide.  
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